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Abstract 

 

Development of experimental techniques for the execution and in situ monitoring of simultaneous 

irradiation-corrosion experiments 

 

by 

 

Franziska Schmidt 

 

Doctor of Philosophy in Nuclear Engineering 

 

University of California, Berkeley 

 

Professor Peter Hosemann, Chair 

 

The next generation of nuclear fission reactors is under development to lead to reactor designs 

that are more sustainable, more economical, safer, and more proliferation-resistant than current 

light water reactors (LWRs) (1). Each Gen-IV reactor design involves a unique heat transfer 

medium, which creates a host of novel nuclear materials challenges. One of these new reactor 

coolants is heavy liquid metal (HLM), i.e., pure Pb or Pb-Bi eutectic (LBE). HLM reactors are 

designed to operate in the fast neutron spectrum to reduce nuclear waste production compared to 

current LWRs. LBE specifically is an excellent HLM coolant candidate because of its low vapor 

pressure, low melting point (123.5 °C), and high boiling point (1670 °C), which allows for greater 

thermal efficiency in electricity production. However, steels in contact with LBE must withstand 

not only its corrosive nature but also the simultaneous exposure to radiation fields, high 

temperatures, and vibration. 

The interaction of two of these environmental extremes – LBE corrosion and radiation damage 

– is investigated in a newly developed simultaneous proton irradiation-corrosion setup. It consists 

of a corrosion chamber, in which sample disks (50 µm thick or less) can be exposed to corrosion 

and radiation simultaneously. A defocused proton beam is used to create point defects in the 

sample up to the metal-coolant interface. Pure Fe serves as a model system instead of more 

complex structural materials, such as steels, in order to get a better understanding of the interaction 

between radiation damage in the metal / the metal oxide and its influence on corrosion. 

The results show that the presence of the beam accelerates the degradation of the Fe-oxide 

layer formed on the sample, which allows LBE to penetrate sooner than in the absence of the beam. 

This penetration leads to the creation of pits underneath the oxide and a switch from the desirable 

oxide-forming regime to a dissolution-based corrosion mode, where the LBE dissolves the 

formerly metal-facing side of the oxide as well as the Fe sample itself. The resulting thinning of 

the samples was observed continuously during each irradiation-corrosion experiment with in-situ 

particle-induced x-ray emission spectroscopy (PIXE). PIXE also provides evidence for the 

accelerated corrosion in the beam spot being interrupted during extended periods of absence of the 

proton beam. This shows that corrosion is primarily accelerated in the simultaneous presence of 

radiation and corrosion. 

Ex situ microscopy analysis provides evidence that the thinning of the samples is strongest in 

the beam spot, but that surrounding areas are also affected. Thermocouple measurements during 

the experiments show that there is a temperature difference of 10-20 °C across the corrosion 
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chamber when the beam is present. More work is needed to fully understand whether this 

temperature difference or the diffusion of radiation-induced defects are the primary cause of 

accelerated corrosion in and near the beam spot. 

To accelerate the study of structural materials even further and to increase the statistical 

significance of the results, a reduced-volume irradiation-corrosion setup was developed. In these 

experiments, several smaller irradiation-corrosion “chambers” with thin-film samples (1 µm or 

less) are mounted on a heater stage and exposed to a rastered proton beam to ensure identical 

irradiation-corrosion conditions. Preliminary results show that radiation accelerates the dissolution 

of Fe thin-films in LBE even in the absence of beam heating and at very low displacements per 

atom.
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1. Motivation 

1.1. Gen-IV reactor development 

In 2021, 437 nuclear power reactors (2) provided approximately 10% of the world’s global 

electricity supply (3). Two thirds of the operational nuclear reactors, which also correspond to two 

thirds of the global net electrical capacity from nuclear power, are currently more than 30 years 

old (see Figure 1). They will have to be replaced over the coming decades to at least maintain 

nuclear energy production, if not increase it. 56 units are currently under construction, the majority 

of which are pressurized water reactors (PWRs), which make up the majority of the fleet of 

currently operating reactors (3). While water-cooled reactors are undoubtedly the workhorse of 

nuclear electricity production, several areas warrant further improvement, namely rare event safety 

management, proliferation resistance, fuel cycle enhancements, radioactive waste management, 

thermal efficiency, and economic competitiveness (4). In addition, current reactors predominantly 

use the fissile 235U as their fuel source, which only accounts for 0.7% of the natural U resources 

on Earth and is expected to be consumed by the end of the century (5). Of the six designs that have 

been selected by the Generation IV International Forum, an international collaboration for the 

development of the next generation of nuclear reactors, only one is water-based (6). 

 

 
Figure 1 – Number of reactors worldwide and their age based on (7). 

 

The new coolants include liquid metals (LMs: Na and heavy liquid metals (HLMs)), molten 

salts (chlorides and fluorides), supercritical water, and He gas. These coolants are supposed to 

enable reactor designs with more inherent and passive safety characteristics (1). Many of the new 
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reactor designs can operate in the fast neutron spectrum (> 0.1 MeV*) because their coolants 

moderate neutrons significantly less than water. Fast spectrum operation requires the use of 

materials that can withstand the exposure to larger quantities of fast neutrons compared to a 

thermal spectrum. On the plus side, this enables better fuel utilization because 239Pu can be bred 

from 238U (99.3% natural abundance) (5, 8), which drastically increases the efficiency of U sources. 

Another benefit of a faster neutron spectrum is the ability to transmute long-lived isotopes 

produced in nuclear reactors into isotopes with shorter half-lives (5). Even if U and Pu isotopes 

are chemically separated from spent nuclear fuel, e.g., during PUREX (Pu U reduction extraction) 

reprocessing (9), and reused as fuel, a large number of radioactive transmutation products (TPs) 

and fission products (FPs) remains. Among the TPs, the actinides Am (up to several 105 years), 

Np (beyond 105 years), and Cm (after 104 years) are the main contributors to waste radiotoxicity 

(10). Of the long-lived FPs, 99Tc, 126Sn, and 79Se contribute to the total radiotoxicity until 105 years 

and 129I, 93Zr, and 135Cs contribute beyond this time frame (10). The potential for complete burnup 

of all TPs is highest for reactors operating in the fast neutron spectrum (11) because of the larger 

fission cross sections for fast neutrons compared to thermal neutrons. 

The transmutation of long-lived FPs is more complex. For example, the two isotopes that 

dominate mid-term radiotoxicity (between 10 and ~103 years) – 137Cs and 90Sr – are generally 

considered non-transmutable in nuclear reactor environments because of their prohibitively small 

neutron capture cross sections, even for thermal neutrons (12). The transmutation of these and 

other FPs to shorter-lived radioactive isotopes may be possible with charged particle irradiation 

(see, e.g., (13)) or intense accelerator driven neutron spallation sources (14) whose high flux 

compensates for the small neutron capture cross sections. The establishment of such facilities is 

expensive but would substantially lower the radioactivity of spent nuclear fuel. Therefore, fast 

reactors that transmute their own waste with a closed fuel cycle and/or dedicated transmutation 

facilities, such as accelerator driven systems (ADSs), are key to solving the problem of long-term 

radiotoxicity resulting from current open fuel cycles, which hampers the development and spread 

of nuclear reactor technology. 

LM-cooled reactors are not new, even though they are considered part of the “new” generation 

of nuclear reactors. 400 reactor-years of operation from 22 fast test reactors have been accumulated 

around the world (15, 16). This corresponds to ~2% of the total number of reactor-years of 

operation for all nuclear power reactors in existence (19,416 reactor-years from 438 nuclear 

reactors (17)). HLMs, such as Pb and Pb-Bi eutectic (LBE, 55.5 wt% Bi, 44.5 wt% Pb) are 

prominent candidates for the primary coolant loop of large-scale fast reactors (lead fast reactor 

(LFR)) and spallation targets for ADSs (18–20). Due to their high atomic number, Pb and LBE 

exhibit limited neutron moderation, unlike Na, which moderates neutrons to a greater extent. They 

also have small neutron absorption cross sections (21), which leads to fast neutron spectra, and 

good heat transfer capabilities. Both of these HLMs have high boiling points (Pb: 1737 °C, LBE: 

1670 °C) and low vapor pressure (see Figure 46 in Appendix 8.1), which allows operation at 

ambient pressure, and do not react strongly with air or water (21). The latter is an inherent safety 

characteristic that prevents hazardous conditions that may be encountered in liquid Na-cooled fast 

reactors (SFRs) when Na comes into contact with air during an accident. 

In addition to the historical LBE-cooled Soviet submarine reactors (22) there are numerous 

new Pb/LBE-cooled reactor designs, such as the SVBR (lead-bismuth fast reactor, transliterated), 

 
* 0.1 MeV is used as the definition of a “fast” neutron in the fast reactor community, rather than the typical 1 MeV used in the 

context of thermal reactors, to reflect the softer mean energies of metal-fueled (0.8 MeV) and oxide-fueled (0.45-0.55 MeV) fast 

reactors (see, e.g., (45)). 
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SSTAR (Small Secure Transportable Autonomous Reactor), and PASCAR (Proliferation-resistant 

Accident-tolerant Self-supported Capsular and Assured Reactor) (23–25), as well as ADS designs, 

e.g., MYRRHA (Multipurpose hYbrid Research Reactor for High-tech Applications) (5). More 

information on some of the LFR designs can be found in Section 3.1.1, while ADSs will be covered 

in Section 3.1.2. The main takeaway here is that HLM-cooled systems are an active field of 

research with a not insignificant history that has demonstrated their successful operation. 

The materials exposed to these environments face many novel challenges that involve intense 

radiation fields, high temperatures, temperature gradients, and mechanical stresses. Each of these 

factors – both separately and together – can contribute to damage of structural materials. Corrosion 

is only one of many degradation processes resulting from this list, but it is an important factor for 

the longevity of critical components, such as cladding tubes and the reactor vessel. The progression 

of corrosion needs to be controlled regardless of its synergies with other factors, such as irradiation, 

to ensure safe operation of a nuclear energy system. 

 

1.2. Corrosion challenges in nuclear environments 

In LWRs, the main corrosion mechanisms of concern for stainless steels are pitting corrosion, 

intergranular corrosion, and stress-corrosion cracking (SCC) in the form of intergranular SCC and 

irradiation-assisted SCC (IASCC). Corrosion often occurs in tight spaces where the local water 

chemistry becomes more aggressive compared to the bulk. New Gen-IV reactors will expose 

materials to new coolants and, in some cases, higher temperatures for improved energy conversion 

efficiency. This inevitably introduces new mechanical and corrosion challenges for reactor 

materials. A good understanding of the corrosive properties of the coolant is required to select 

suitable structural materials. 

Radiation is known to affect corrosion processes in materials, typically in a negative way. 

This is relevant in those parts of a reactor, where significant radiation fields and a corrosive coolant 

are present simultaneously, e.g., in and near the reactor core. Therefore, radiation-induced damage 

and corrosion of materials must be understood both independently and synergistically. While the 

use of ion beam analysis for the study of neutron-induced damage has greatly improved our 

understanding of radiation-induced processes and accelerated the discovery and testing of new 

materials, setups featuring simultaneous irradiation and corrosion of materials are still relatively 

scarce (26). 

This dissertation will discuss the effects of simultaneous irradiation and corrosion on pure 

metals, specifically the response of pure Fe to an oxide-forming LBE environment under 

simultaneous proton irradiation. In the following chapters, an experimental setup for the 

simultaneous exposure of metals to HLM corrosion and proton irradiation will be described and a 

new method to monitor the corrosion process in situ with particle-induced x-ray emission 

spectroscopy (PIXE) will be introduced. For the first time, the irradiation-corrosion behavior of 

pure Fe in LBE has been monitored continuously for experiments lasting tens of hours. The 

predictions of the sample’s thickness produced by PIXE were validated with microscopy, making 

time-resolved PIXE a useful technique for future irradiation-corrosion experiments.  
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2. Research objectives 

With the advent of new nuclear reactor coolant candidates, the link between the various 

extremes that materials are exposed to, such as corrosion at high temperatures, radiation fields, 

and stresses, needs to be reestablished for new coolant-materials pairs. Therefore, a substantial 

amount of experimental data is needed to deepen the theoretical understanding of the synergistic 

effects of these extreme environments and to enable accelerated materials discovery and 

performance prediction for Gen-IV nuclear reactors. The goal of this work is to establish 

experimental capabilities for the study of materials simultaneously exposed to corrosion and 

irradiation, and to contribute to the understanding of the interactions between these two extreme 

environments. 

 

2.1. Hypothesis 

Even though there are a few examples to the contrary (see Section 3.5), radiation is generally 

thought to exacerbate corrosion. High energy ionizing radiation induces large numbers of point 

defects in solids. Although many of these defects recombine athermally as the collision cascade 

unfolds (27), many of them survive and contribute to the formation of higher-dimensional defect 

structures that can ultimately alter materials properties. Ionizing radiation also disrupts the 

electronic structure of oxide lattices in oxide-forming corrosion environments, which mobilizes 

electrons and increases the reactivity of the species in the oxide. The kinetics of corrosion 

processes are strongly dependent on the diffusion of participating species and their reactivity. 

Therefore, the introduction of radiation-induced nonequilibrium point defects likely alters the 

diffusion kinetics in solids and their corrosion layers. Corrosion experiments with pre-irradiated 

samples only capture effects related to those defects that survive the cascade. The hypothesis 

presented here is 1) that the corrosion of model alloys, such as pure Fe, in HLMs is accelerated 

while under simultaneous irradiation by a proton beam, and 2) that this acceleration is greater 

under simultaneous irradiation-corrosion conditions than when irradiation and corrosion are 

decoupled due to the large number of short-lived radiation-induced defects. 

 

2.2. Dissertation outline 

This dissertation describes the development of a simultaneous irradiation-corrosion 

experiment. The setup is intended to be compatible with HLMs, but also with molten salts. Thin 

samples (50 μm or less) can be exposed to the heated corrosive medium and a high-energy proton 

beam (≤ 4 MeV) simultaneously. Furthermore, the aim is to establish a capability for in-situ 

corrosion rate monitoring to prevent premature experiment failure and to obtain quantitative 

corrosion rate information. This feature is added in the form of PIXE, which provides a powerful 

continuous corrosion monitoring tool by measuring the x-ray signal in the beam spot over the 

course of the experiment. 

Chapter 3 provides background on the nuclear environments where HLMs may be used, 

specifically LFRs and ADSs (Section 3.1). Section 3.2 describes the degradation of metals, 

primarily steels, in contact with LBE and strategies for corrosion mitigation. Then, an overview of 

irradiation effects in nuclear environments is given in Section 3.3. Section 3.4 discusses the 

materials candidates for HLM environments. Finally, an introduction to known irradiation-
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corrosion processes in nuclear environments in general is given in Section 3.5 and methods for 

their experimental study are briefly discussed in Section 3.6. 

Chapter 4 describes the experimental components of this project. Section 4.1 shows the 

evaluation of a sample produced by the Irradiation-Corrosion Experiment (ICE) II, the predecessor 

of the current iteration, ICE III, which was developed during this work (see Section 4.2). Section 

4.3 describes the PIXE setup and some in-situ corrosion monitoring alternatives that could be 

selected in addition or instead. Experimental results using ICE III with PIXE are shown in Section 

4.4. Section 4.5 describes extensions of the ICE III setup, such as the slightly modified chamber 

for rare molten salts and a high-throughput approach for thin-film studies exposed to LBE and 

lower energy protons (a few hundred keV). 

In Chapter 5, the implications of the experimental results are discussed. First, the conditions 

in the regular ICE III chamber and the resulting corrosion behavior are compared to the literature 

in Section 5.1. An attempt at a mechanistic explanation for the impact of radiation damage and 

beam heating is made in Section 5.2. Section 5.3 provides some discussion on the different ICE 

III experiments and their features. 

Finally, Chapter 6 provides a summary of the presented work and outlines future work.  
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3. Background 

3.1. Heavy liquid metals (HLMs) in nuclear environments 

3.1.1. Lead fast reactors (LFRs) 

LFRs use either pure Pb or LBE as the primary loop coolant. Compared to SFRs, international 

operating experience is much more limited, although the Russian nuclear submarine program alone 

has 80 years of operational experience from 12 reactors (15), such as the OK-550 and the BM-40A 

submarine reactors (Alfa class / Project 705 Lira), which were cooled with LBE (28). The new Pb-

cooled BREST-OD-300 reactor (fast reactor with inherent safety – experimental demonstration 

reactor, transliterated) and the BREST-1200 reactor are based on these designs (15). Outside of 

Russia, there are several efforts to develop Pb- and LBE-cooled reactors as well, both with smaller 

and larger power outputs (see Table 1). 

The main contributors to the international experience with LM-cooled reactors, however, are 

several SFRs (29). In SFRs, materials-Na interactions are limited, as long as the coolant is kept 

relatively free of impurities, such as As, Sb, and Bi, which are responsible for liquid metal 

embrittlement (LME) (15), as well as O and C, which degrade mechanical and corrosion properties 

(15, 30). However, Na has strong exothermic reactions with water or air, which has led to Na fires 

in SFRs (see, e.g., (31, 32)). By contrast, HLMs are less reactive when in contact with water or air. 

However, exposure to significant amounts of O may cause the formation of solid PbO, which can 

lead to a drastic decrease of heat removal from the core (see, e.g., (22)). An inert cover gas, 

typically Ar, is used to prevent PbO formation, but also to accommodate the thermal expansion of 

the liquid. 

HLMs do not significantly moderate neutrons and can therefore maintain a fast spectrum, have 

reasonably low melting points (Pb: 327.5 °C, LBE: 123.5 °C (see Table 2 for comparison of other 

properties)), low vapor pressure, high Z for good γ-shielding, and small neutron absorption cross 

sections (6, 21, 33, 34). However, HLMs are known to interact with structural alloys, primarily 

via LME and liquid metal corrosion (LMC). In addition, their high density compared to other Gen-

IV coolants leads to high hydrostatic pressures and positive buoyancy of core internals. 

Consequently, fuel assemblies must be held submerged in the HLM and passive safety 

mechanisms for reactivity control must be designed to insert control rods from the bottom of the 

core assembly to make use of the positive buoyancy. 

The addition of Bi to Pb has several advantages and disadvantages. The main advantage is the 

lower melting point, which reduces the risk of solidification of the coolant due to a loss of power, 

which could render the reactor inoperable. However, many Pb-cooled designs are pool-type 

reactors, in which the large amount of Pb does not easily freeze due to its high volumetric heat 

capacity. Another advantage is that the volume change of LBE upon melting is close to zero (21), 

which is an important property in case of coolant solidification. Disadvantages include the high 

price of Bi as well as the production of 210Po under neutron irradiation. 210Po is a parasitic neutron 

absorber, and also an α-emitter that has the potential to escape the primary coolant loop due to its 

high volatility (35). 

Fast reactors require high burnup of the enriched fuel to make them economically feasible, 

which is less of a concern in non-commercial scenarios. However, high burnup requires radiation-

tolerant core structural materials, specifically for cladding tubes and wrapper tubes, that can 

withstand ≥ 20 at% burnup without failure. This is approximately twice the currently achievable 

burnup for austenitic stainless steels (15). Note that cladding performance is expressed in terms of  
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Table 1 – List of Pb- and LBE-cooled fast reactor designs in alphabetical order. 

Acronym Country MWe Coolant Full name Refs. 

BREST-OD-300 Russia 300 Pb fast reactor with inherent 

safety - experimental 

demonstration, transliterated 

(36) 

BREST-1200 Russia 1200 Pb fast reactor with inherent 

safety, transliterated 

(37) 

CLEAR-1 China 10 (MWth) LBE China LEAd-based Research 

reactor 

(36, 37) 

DFR300* Germany 300 Pb Dual-Fluid Reactor (38) 

DFR1500* Germany 1500 Pb Dual-Fluid Reactor (38) 

ELFR European 

Union 

600 Pb European LFR (36, 37, 

39) 

Hydromine 

LFR-AS-200 

United 

Kingdom / 

Italy 

200 Pb LFR-Amphora-Shaped (36) 

HPM United States 25 LBE Hyperion Power Module (40) 

SEALER Sweden 55 Pb SwEdish Advanced LEad 

Reactor 

(36, 41) 

SSTAR United States 10-100 Pb Small Secure Transportable 

Autonomous Reactor 

(36) 

SVBR-100 Russia 100 LBE lead-bismuth fast reactor, 

transliterated 

(23) 

URANUS-40 South Korea 40 LBE Ubiquitous, Robust, Accident-

forgiving, Nonproliferating 

and Ultra-lasting Sustainer 

(42, 43) 

Westinghouse 

LFR 

United States 450 Pb - (37) 

 
Table 2 – Comparison of Pb and LBE properties based on (21) and Table 2 in (44). 

Property Pb LBE 

Tmelt [°C] 327.5 123.5 

Tboil [°C] 1737 1670 

Density @RT [g/cm3] 11.35 10.5 

Density @450 °C [g/cm3] 10.5 10.2 

Relative moderation (density-corrected) 1 0.82 

Neutron absorption cross section (1 MeV) [mb] 6.001 1.492 

Averaged neutron scattering cross section [b] 6.4 6.9 

Volume change upon solidification [%] 3.32 0 

Thermal conductivity @450 °C [W/m-K] 17 13.5 

 

 

 
* These designs are not traditional LFR designs with solid fuel like those described in this section but rather liquid fuel designs 

with fuel dissolved in molten chloride. 
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burnup rather than dpa (displacements per atom, see Section 3.3) here to include other effects, such 

as fission gas release and fuel-cladding interactions, that may contribute to cladding failure in 

addition to the radiation dose. While other factors, such as FP accumulation and fuel restructuring 

also play a role in the lifetime of a fuel assembly, the most important factor is the potential failure 

of the cladding, which would result in the release of fuel and FPs into the coolant (15). 

The use of fast neutrons (≥ 0.1 MeV neutron energy) allows for the breeding and burning of 

fuel, which allows for the implementation of a closed fuel cycle in many LFR designs. To maintain 

a chain reaction, the fuel must have a high concentration of isotopes with high fast neutron fission 

cross sections, such as 235U or 239Pu. The overall neutron spectrum varies depending on the fuel 

type used (metal (0.8 MeV) or ceramic (0.45-0.55 MeV) (45), in which the low-Z non-metallic 

species increase neutron moderation), the coolant, and the presence of other neutron-moderating 

species. There are also local variations due to the relative amounts of fuel, coolant, and structural 

material as well as due to the position of a component in the reactor. The buildup of FPs and TPs 

may also modulate the neutron spectrum over time. 

The operating temperature window is theoretically governed by the melting point of the 

coolant as the lower bound and the boiling point or the vapor pressure of the HLM as the higher 

bound although the latter is generally relatively low, even at high temperatures. In practice, 

however, a buffer of at least 100 °C above the melting point is necessary to avoid plugging due to 

local coolant solidification. The upper limit is lower than theoretically achievable because the 

mechanical properties of currently available structural materials prohibit operation at extremely 

high temperatures. This limits LFR operation to a window between ~300 to 700 °C (15) for LBE 

and ~400 to 700 °C for pure Pb. 

 

3.1.2. Accelerator-driven systems (ADSs) 

Due to its good spallation neutron yield, LBE is also considered for ADSs and liquid spallation 

neutron sources (46). ADSs are intended to lower the high-level nuclear waste burden produced 

by current nuclear reactors by transmuting select isotopes while also producing electricity. They 

consist of a high-energy proton accelerator (hundreds of MV) that produces neutrons in a heavy 

metal spallation target and a subcritical core whose reactivity is controlled by spallation neutrons. 

Since the core is subcritical, a loss of power to the facility that shuts down the accelerator also 

shuts down the reactor, which is an inherent safety feature. (46) provides a detailed overview of 

the technology and the various international efforts to develop these systems (see Table 3). 

Most of the designs listed in Table 3 use LBE as their coolant, although some also consider 

Na or He as alternatives. Therefore, the materials in the spallation target and the subcritical core 

are exposed to HLMs. The most significant irradiation-corrosion interactions will occur in the 

proton beam window unless the design is windowless (see, e.g., MYRRHA and XT-ADS). In 

ADSs, lower operating temperatures are possible compared to LFRs, which makes corrosion less 

significant. However, this may be unnecessary as the life-limiting factor for an ADS is LME, 

especially of the beam window if present, rather than LMC (47). In addition, lower temperatures 

do not fully eliminate the production of corrosion products and have no impact on spallation 

products and TPs, so some buildup of impurities in the coolant will occur regardless. 
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Table 3 – List of ADS projects in alphabetical order based on (46). 

Acronym Country MWth E(H+) 

[MeV] 

Full name Add’l. 

refs. 

EAP80-XADS Italy 80 600 Energy-Amplifier Project-

eXperimental ADS 

(48) 

EFIT European 

Union 

~400 800 European Facility for Industrial 

Transmutation of minor actinides 

 

Gas-cooled XADS France 80 600 -  

HYPER South 

Korea 

1000 1000 HYbrid Power Extraction Reactor  

JAEA 

Experimental ADS 

Japan  1500 Japanese Atomic Energy Agency 

Experimental ADS 

 

JAEA Industrial 

scale ADS 

Japan 800 1500 -  

MYRRHA Belgium 50 350 Multi-purpose hYbrid Research 

Reactor for High-tech Applications 

(49) 

XT-ADS European 

Union 

50-100 600 eXperimental Transmuter-ADS (49) 

 

3.2. Degradation of steels in contact with LBE 

The compatibility of materials with HLMs is one of the key factors to consider for LFRs (23, 

50). Several degradation mechanisms are active when metals are exposed to a HLM environment, 

namely LME, LMC, as well as erosion corrosion and fretting when flow is present. (15) provides 

an excellent overview of these processes, and even more detail about each of these topics can be 

found in (51). The two primary candidate classes for LBE-facing components are 

ferritic/martensitic (F/M) steels and austenitic stainless steels, which will be discussed in more 

detail in Section 3.4, but will also be mentioned in this and the following sections where 

appropriate. 

Brittle fracture due to LME is of concern for practically all structural materials in contact with 

the coolant (52). In LME, the wetting of the material’s surface causes the adsorption of Pb and Bi 

atoms to the tips of cracks upon nucleation under stress. As a result, crack propagation is greatly 

accelerated, which leads to significant embrittlement, faster fatigue, and degraded creep properties 

(53). The primary requirements for this process are a wetted metal surface under tensile stress and 

plastic deformation (15). Several factors can increase LME occurrence and severity, including, but 

not limited to, the temperature of the system, the chemical composition and microstructure of the 

steel, HLM chemistry (specifically, dissolved O), the strain rate applied to the component, and any 

form of pre-exposure, e.g., to radiation, the metal has experienced. LME can become a life-limiting 

factor for structural components, in particular in conjunction with neutron irradiation, which may 

lower the fracture toughness of metals via radiation hardening (54) or by inducing precipitate 

formation and/or a coarsening of existing precipitates (55). F/M alloys are particularly vulnerable 

to LME because they have a ductility trough between 150 and 400 °C (56), while austenitic 

stainless steels are not susceptible. They do, however, show the local penetration of grain 

boundaries by HLMs, which leads to the leaching of Ni and an austenitic-to-ferritic phase 

transformation (57). 
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LMC includes two primary mechanisms: dissolution and oxide-formation. Dissolution 

typically involves the selective leaching of higher solubility elements from the steel (58). In 

general, dissolution corrosion should be avoided by supplying enough dissolved O to the LBE to 

promote the formation of thin adherent oxides on the steel (see Section 3.2.2). In addition to the 

dissolved O content, both dissolution and oxide formation are dependent on temperature, flow 

velocity, steel composition and microstructure, as well as pre-exposure (radiation) and surface 

preparation (roughness, weldments). Both processes will be discussed in more detail in Section 

3.2.1. While LMC could cause system failure in the long run, it is important to note that the 

processes are slower and significantly more gradual than in LME. The goal for LMC mitigation is 

therefore to decelerate the process beyond a reactor’s lifetime, rather than to completely prevent 

it. 

Erosion corrosion and fretting wear are sometimes also considered part of LMC. Erosion tends 

to be a consequence of two-phase flow where fast-flowing LBE carries solid particles, such as 

oxides, that act as abrasives for adherent protective oxide layers or dissolution-affected areas. 

Fresh unprotected metal is exposed to LBE wherever these existing layers are eroded away, which 

greatly accelerates corrosion rates. Its severity is primarily dictated by flow velocities and debris 

content of the HLM. Fretting typically occurs on tightly spaced components that are nominally in 

static contact. Microscopic sliding of the surfaces against each other, e.g., due to vibration or 

thermal cycling, may locally create cracks and expose fresh metal to dissolution-dominated crevice 

corrosion conditions (59). The main factors affecting fretting wear are the frequency and the 

magnitude of the motion between the affected surfaces. 

 

3.2.1. Liquid metal corrosion (LMC) 

To set the stage for the main topic of this dissertation – irradiation-corrosion interactions in 

materials – this section will discuss the two primary LMC mechanisms in HLMs: dissolution and 

oxide formation. Substantial detail on these mechanisms can be found in (34, 51, 60). As 

mentioned in previous sections, while LMC by itself is typically not the life-limiting factor of an 

LFR component, it does play a role in constraining the elemental compositions of structural alloys 

as well as in affecting critical processes like embrittlement via the local depletion of alloying 

elements and oxide formation. 

 

3.2.1.1. Dissolution 

Common steel alloying elements, such as Ni and Cr, have rather high solubilities in pure Pb 

and LBE. The solubility can be expressed as 

 

log(𝑆[𝑤𝑡%]) = 𝐴 −
𝐵

𝑇[𝐾]
 , 

 
where 𝑆 is the solubility in wt%, 𝑇 is the temperature in K, and 𝐴 and 𝐵 are coefficients listed in 

Appendix 8.2 in Table 9 (21). With the suggested solubility laws, the solubility curves shown in 

Figure 2 are obtained, which show that Ni is extremely soluble in both Pb and LBE at LFR-relevant 

temperatures (approximately 600 – 1000 K). 
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Figure 2 – Solubilities of Cr, Fe, and Ni in Pb and LBE with temperature based on recommendations in (21) (see Appendix 8.2). 

 

The selective loss of highly soluble elements is typical for many alloys, but depending on the 

chemical composition of the steel, dissolution may also occur uniformly (58, 61, 62). Even in O-

rich oxide-forming environments (see Section 3.2.1.2), dissolution can be enhanced locally and 

take place as pitting corrosion where dissolution pits form underneath an oxide layer (63, 64). 

In a static system, the concentration of dissolved species in the HLM would eventually reach 

equilibrium and prevent further dissolution. In non-isothermal flow loops, temperature differences 

provide a thermodynamic driver for the continuous transport of metal from the hot leg to the cold 

leg. Another driver for continued dissolution corrosion is the formation of intermetallic phases in 

the liquid, which continuously removes dissolved species from solution. 

Large mass transfer rates can lead to wall thinning of components in some regions of the 

reactor, which increases the risk for pipe bursts and cladding failure. In those areas where 

deposition occurs, coolant flow can be constricted, which could ultimately interrupt flow back to 

the reactor core (see, e.g., plugging in the CICLAD loop (21)). For steels in HLM flow loops, the 

dissolution rate in the hot leg and the precipitation rate in the cold leg are generally negatively 

correlated with the dissolved O concentration in the flowing HLM, and positively correlated with 

the Fe diffusion coefficient (65, 66). Ultimately, the achievable Δ𝑇 across the reactor is the main 

driver for mass transfer between the hot and the cold leg and is therefore limited by dissolution 

and plugging (21). Therefore, controlling mass transfer by decreasing metal dissolution is 

extremely important for the longevity of an LFR. 

As an aside, dissolution resistance of the cladding to acid is also relevant for fuel reprocessing, 

where U and Pu are extracted for recycling. Fast dissolution of the cladding is undesirable because 

its species enter solution alongside the desired compounds (15). In this context, the dissolution of 
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austenitic stainless steels is generally acceptable, while ferritic alloys dissolve much more rapidly 

(15). 

 

3.2.1.2. Oxide formation 

With sufficient dissolved O present, steels in HLM environments may form protective 

multilayered oxides. Figure 3 shows the thermodynamic stabilities of different metal oxides in 

LBE. The formation of initially fast-growing, thin, dense, and adherent oxides is desirable to 

protect the metal from further corrosion while preventing oxide spalling. Especially for 

components whose primary purpose is heat transfer, such as the cladding and heat exchanger tubes, 

the reduction of their heat transfer coefficient by oxides must be limited. Oxides that follow a 

logarithmic growth behavior are ideal for these applications although slow linear growth is also 

acceptable. 

 

 
Figure 3 – Ellingham diagram for Pb and Bi oxides (blue), major alloying elements in steels (green) and select corrosion resistant 

alloying elements (yellow) based on data in Table 4.2.2 in (21). 

 

If the dissolved O content is too high, the HLM itself will be oxidized, which can lead to 

plugging. The formation of PbO therefore typically constitutes the upper boundary for the 

acceptable dissolved O concentration in a HLM system, while the minimum concentration is 

defined by the stability of Fe3O4 (see blue curves in Figure 4). As the HLM circulates through the 
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reactor and experiences temperature changes, the dissolved O concentration must remain below 

the PbO formation limit and above the Fe3O4 stability limit to maintain oxide layers on metals 

while preventing plugging. The convergence of the red curves in Figure 4 indicates the 

stoichiometric line for the solubility product of Fe3O4, above which an exclusively oxide-forming 

environment (empty triangles) is typically maintainable (67). This indicates that at a typical LFR 

operating temperature of ~500 °C, a concentration of ~10-6 wt% dissolved O is desirable. Below 

the stoichiometric line, but above the magnetite stability limit, experiments have shown the 

occurrence of dissolution corrosion, even in the simultaneous presence of an oxide. Such a mixed 

oxide formation / dissolution corrosion mode will also be seen in some of the results of this work 

(see Section 4.4). Above a certain temperature threshold, however, dissolution may be present 

regardless of the dissolved O concentration, as indicated by the two black circles above 550 °C, 

which are located well above the stoichiometric line. The exact temperature threshold is dependent 

on the material and the dissolved O concentration, and may be extremely high, such as in the case 

of AISI 304L (68). 

 

 
Figure 4 – Left: dissolved O content in LBE with temperature, showing the useful range of O to control corrosion rates in LFRs. 

Blue lines indicate the upper limit (PbO formation, illustration top right) and the lower limit (magnetite stability limit, illustration 

bottom right). In between is the operational regime, where protective oxides should form theoretically (illustration center right). 
Open triangles show the formation of oxide layers in various corrosion experiments; Filled circles show the occurrence of 

dissolution, with or without the presence of a simultaneous oxide. Figure adapted from (26) which adapted the plot on the left 

from (67). 

 

In F/M steels, the oxide typically has a duplex structure with an outer magnetite layer and an 

inner Fe-Cr spinel layer (34). Austenitic stainless steels can form more complex oxides with a 

three-layer structure (69, 70). The exact nature and the structure of the oxide layers produced in 

HLMs tend to be temperature-dependent (71). Sublayers are often observed in the main oxide 

layers. For example, the outer magnetite layer on F/M steel is two-layered with an outer, more 

columnar layer (perpendicular to the steel surface), which allows for ingress of LBE along grain 

boundaries, and an inner, more equiaxed layer (72). (69) found that there is a Ni-depleted region 
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in the inner layer and that other areas of the inner oxide showed interconnected porous channels, 

especially along grain boundaries. 

F/M oxide-dispersion strengthened (ODS) steels behave similarly to F/M steels in general, 

although the smaller grain sizes appear to be detrimental for initial dissolution resistance, but 

beneficial for corrosion resistance in the long-term (15). The addition of certain additives, such as 

Si and Al, can lead to the growth of an oxide rich in these elements, which can be very stable (see 

Figure 3) and passivating (73). This motivates the use of Al-rich alloys, such as Fe-Cr-Al alloys, 

or surface treatments of steels, e.g., with an Al-rich weld overlay (74). 

Once the oxide is formed, corrosion rates are governed by diffusion through the oxide layer. 

O diffusion is very fast due to the presence of nanochannels in the oxide (75, 76). Steel alloying 

elements with higher solubility in HLMs are subject to a stronger driving force for diffusion 

through the oxide. (76) demonstrated that for the corrosion of Fe9Cr1Mo in LBE, Fe diffusion 

through the oxide is rate-limiting for its growth. This is further corroborated by the observation 

that the corrosion rates of pure Fe and F/M steels tend to be the same, at least within the time frame 

of the reported corrosion experiments (see, e.g., the oxide growth rates of pure Fe (77) compared 

to T91 (78) in flowing O-rich LBE at 450 °C or the dissolution rate of pure Fe and T91 in O-poor 

(10-8 wt% or lower) flowing LBE at 450-540 °C (79)). 

The diffusion of species from the base metal to the oxide / HLM interface creates pores at the 

base metal / oxide interface (80). The presence of these pores decreases the contact area between 

the base metal and the oxide, which reduces the overall diffusion rate of base metal species and 

therefore decreases the oxide growth rate. If the pores continue to grow, the adhesiveness of the 

oxide with the base metal decreases. Pore growth may be mitigated by diffusion of species from 

the base metal towards the interface or by oxide growth. In general, outer oxides grown in HLM 

environments are thought to grow at the oxide/HLM interface via cation diffusion from the base 

metal to the HLM, while inner oxides are though to grow via O diffusion through the oxide towards 

the metal/oxide interface. There, the space left behind by cations diffusing towards the HLM is 

required to accommodate oxide growth at the interface with the base metal, which is a concept 

known as the “available space model” (see, e.g., (76)). The interface between the two oxides is 

typically thought to be the original metal/HLM interface. 

The HLM is often found at the interfaces between multilayered oxides (see e.g., (77, 81)) and 

between the oxide and the base metal (see, e.g., (82) and this work). Its presence combined with 

the stresses developing in the growing oxide promote oxide buckling and detachment. The 

protectiveness of the oxide therefore depends on its resistance to HLM penetration, its growth rate, 

as well as its ability to maintain sufficient contact with the base metal, which is dependent on the 

oxide’s ductility as well as the diffusion of oxide-forming species through the base metal and the 

oxide. 

 

3.2.2. Corrosion mitigation 

There are two main ways of mitigating corrosion in a liquid metal system: 1) increasing the 

corrosion resistance of the material, and 2) decreasing the corrosivity of the corrosive medium. In 

the case of HLMs, additives such as Al and Si may increase the corrosion resistance of steels. 

However, the addition of alloying elements for corrosion resistance may have undesirable side 

effects with respect to other properties, such as mechanical properties or radiation response. In 

addition, manufacturing, machining, and welding of such alloys can be quite challenging. Finally, 

many currently available alloys already show rather high corrosion resistance in HLMs. Other 
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areas, such as resistance to LME and high temperature mechanical properties drive the continued 

development of alloys, and corrosion resistance serves mainly as a boundary condition. 

This shifts the focus to the other corrosion mitigation option, which is to lower the 

corrosiveness of the HLM. This could be achieved by making changes to the reactor design, for 

example by lowering the operating temperature to reduce LMC or by reducing flow velocities 

through the core and flow pattern instabilities to limit erosion corrosion (51). However, the former 

option limits the efficiency of the reactor and therefore makes it less economically viable. 

Alternatively, the HLM dissolved O content can be controlled to maintain an environment where 

passivating oxides can be formed (see Figure 4) to limit the severity of corrosion (83, 84). This is 

generally considered the main strategy to mitigate corrosion in LFRs. 

 

3.3. Irradiation effects in nuclear environments 

Ionizing radiation interacts with the electrons and/or the nuclei of target atoms, depending on 

the mass and charge of the projectile. This is schematically shown in Figure 5. In nuclear reactors, 

the primary radiation types of note are neutron and γ radiation resulting from nuclear fission. 

Generally speaking, neutrons are responsible for producing radiation damage in reactor materials, 

while γ radiation generates heat. The radiation damage created by neutrons is of two types: 

transmutation (predominantly at lower energies) and displacement damage (high neutron energies). 

 

 
Figure 5 – Illustration showing how different energetic particles interact with matter. Interactions depend on the particle’s charge 

state (uncharged photons and neutrons vs. charged electrons and ions) mass, and energy. Adapted from (26). 

 

Displacement damage is measured in displacements per atom (dpa), which is the average 

number of times every atom in the lattice has been displaced hypothetically due to radiation 

damage. This number can be used to compare a material’s exposure to different particle energies 

and ionizing radiation types. It does not, however, capture the number of defects surviving the 

collision cascade, which is determined by the material-specific recombination rate. 
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The displacement of atoms creates Frenkel pairs, i.e., vacancy-interstitial pairs, and other 

point defects in the crystal lattice. These 1D nonequilibrium defects are mobile but migrate through 

the solid at different rates (vacancies more slowly, interstitials faster). If they do not annihilate, 

they can form or feed into larger-scale defects, such as dislocation loops and precipitates, which 

may cause radiation hardening, and voids, which act as obstacles to dislocation motion (see Figure 

6). They can lead to processes that affect the material’s chemistry, e.g., via radiation-enhanced 

diffusion (RED) or radiation-induced segregation (RIS). Point defect migration may also change 

a metal’s long-scale grain structure, either coarsening it due to enhanced kinetics, or refining it, 

e.g., as seen in the creation of the rim structure in nuclear fuels (85). Finally, radiation-induced 

defects can interact with other materials degradation mechanisms, such as radiation embrittlement, 

and lead to complex effects like IASCC if stresses are present (86). 

All these processes are highly temperature-dependent because the annihilation rate of point 

defects increases with temperature. Another important parameter is the damage rate, which is 

weakly coupled with the density of the damage cascade. The more defects are created in the same 

region, the higher the likelihood of recombination, which means that the increase in the number of 

surviving defects is not proportional to the increase in damage rate / cascade density. 

 

 
Figure 6 – Illustration of the various fates of radiation-induced point defects in a solid. Adapted from (26). 

 

In LFRs, 95% of the displacement damage in materials located in and near the core is created 

by neutrons with a negligible contribution from charged particles and photons (15). Compared to 

LWRs, the total dpa is significantly higher due to the necessarily higher neutron flux. Because 

LMs, especially HLMs with their high Z, do not substantially moderate neutrons, the neutron 

spectrum contains practically no thermalized neutrons. While this enhances Pu breeding from 238U 

by decreasing parasitic neutron capture, it also reduces the integrated fission cross section of 235U 

by a factor of ~400 (15). This implies that the neutron flux needs to be increased by approximately 

two orders of magnitude to maintain a given power density, which can be achieved by increasing 
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fuel enrichment by roughly an order of magnitude. However, this also results in a factor of 100 

times more neutron exposure of the fuel cladding in a fast reactor compared to an LWR (15). 

Radiation-induced effects described in this section that occur at lower and sometimes negligible 

rates in LWR cladding materials may therefore be greatly accelerated in LFRs (see review in (45)). 

The focus here is on those mechanisms that may have an impact on corrosion in structural materials. 

More detail can be found in recent reviews (87–89). 

 

3.3.1. Irradiated microstructure 

The microstructure of materials in reactor environments changes drastically with temperature 

and dose. Below ~300 °C, it is dominated by dislocation loops. The loop number density and loop 

size in stainless steels are dose-dependent, with the former saturating around 2 dpa and the latter 

around 5-7 dpa under LWR conditions (see Figure 5 in (90)). Above 300 °C, the nucleation of 

voids begins and becomes increasingly more important at higher temperatures (see, e.g.,  (91)). The 

microstructure evolution under irradiation is influenced by several factors. The presence of dopants, 

for example, may impact dislocation motion and void / He bubble nucleation. When dislocation 

motion is impeded, e.g., by radiation-induced defect clusters or other dislocations, the material 

hardens. The continued growth of cavities will eventually lead to macroscopic swelling and 

radiation embrittlement. Since both dislocations and voids are point defect sinks, their density, 

distribution, and size are highly relevant to the progression of corrosion under irradiation. 

 

3.3.2. Radiation-enhanced diffusion (RED) and radiation-induced segregation (RIS) 

RED and RIS are strongly influenced by the defects that escape the collision cascade and 

migrate before recombining or annihilating at a defect sink. A preferential attachment of alloying 

species to a defect flux, either interstitials or vacancies, leads to segregation via defect migration. 

For example, the migration of vacancies towards sinks leads to a segregation of the slowest 

diffusing species of those migrating via vacancy exchange, which is known as the inverse 

Kirkendall effect. In an FeCrNi system, for example, the difference in diffusion coefficients 

(𝐷𝐶𝑟 > 𝐷𝐹𝑒 > 𝐷𝑁𝑖) leads to the formation of Ni-rich zones around vacancy sinks (92). Another 

process that primarily appears to affect small elements is solute drag, where a defect-solute 

complex forms that allows the solute to follow the defect concentration gradient (93, 94). For 

example, phases rich in Si and Ni may form as a result of the combination of the inverse Kirkendall 

effect and the migration of interstitial-Si complexes (45). 

RIS can drive equilibrium phases toward instability and locally lead to the formation of non-

equilibrium phases (typically 5-10 nm from a sink, such as a grain boundary (GB) (95)), which 

may render these regions more or less prone to corrosion. This process generally occurs at 

intermediate temperatures, i.e., 30-50% of Tmelt, which corresponds to the higher end of the LFR 

operating temperature range for common steels. 

 

3.3.3. Transmutation products (TPs) and fission products (FPs) 

Radioactive isotopes, such as 54Mn, 51Cr, 59Ni, 58Co, 60Co, and 110mAg, are released from the 

fuel or the fuel cladding under normal operating conditions in an LFR and accumulate in the 

coolant over time (see Table 4.3.1 in (21)). In the case of off-normal cladding failure, other 

contaminants, such as 239Pu, 235U, 85Kr, minor actinides, and Cs, I, Kr, and Xe nuclides may be 
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released in addition (21). In ADSs, coolant activation is dominated by 210Po (21), which is also 

produced in LFRs if LBE is used as the coolant, where it acts as a neutron poison: 

 
209𝐵𝑖 + 𝑛 → 210𝐵𝑖  

𝛽−,   𝑡1/2=5 𝑑𝑎𝑦𝑠
→             210𝑃𝑜  

𝛼,   𝑡1/2=138.4 𝑑𝑎𝑦𝑠
→               206𝑃𝑏 . 

 

Many nuclear reactions produce He, which is known to affect the microstructural evolution 

of materials (96). The primary early He sources in fast reactor structural materials are (n,α) 

reactions of fast neutrons with Ni (45). For many steels, the Ni concentration is almost perfectly 

proportional to He production under irradiation (see Figure 6-4 in (45)). Some He is also produced 

by (n,α) reactions of low energy neutrons with B impurities in steels as in thermal reactors, but 

due to the fast neutron spectrum this effect is relatively small compared to He production by Ni. 

Several reactions also produce H, which is very mobile in steels and therefore has a lesser impact 

on the microstructure because it does not readily form bubbles like He. 

FPs and TPs can negatively affect structural materials in the system. While this is not a 

significant issue for current reactor temperatures and fuel burnups, it may become extremely 

important with higher burnup (15). Transmutation in austenitic and especially ferritic steels in fast 

reactors is generally limited, at least for the first 100 dpa (15), but it may become relevant during 

prolonged exposure. 

 

3.3.4. Radiolysis 

In water and ionic liquids, radiation is known to be able to break chemical bonds in the fluid, 

which leads to the formation of highly reactive radicals and an increase in electrical conductivity. 

Radiolysis of H2O creates H+ and OH- and a host of species that consequently form locally, such 

as H2O2, which can change the oxidizing power of water (97). Radiolysis has a significant impact 

on corrosion in LWRs, specifically by radiolysis products contributing to IASCC, and the increase 

in electrical conductivity promoting galvanic processes, such as shadow corrosion and nodular 

corrosion in boiling water reactors (BWRs). However, in LMs, radiolysis cannot occur and 

therefore cannot contribute to corrosion in LFRs. 

 

3.4. Materials candidates 

The main materials challenge in fast reactors is to find cladding and wrapper tube materials 

that allow the doubling of currently achievable burnups of 10-12 at% to make fast reactors 

economically feasible (15). This requires materials that resist void swelling, excessive radiation 

embrittlement, and loss of high temperature strength over the 2-4 years of residence time in the 

core. While interactions with the coolant are relatively limited in SFRs, materials exposed to HLM-

coolants have to resist LMC and LME (see Section 3.2) in addition to radiation-induced damage, 

stresses, as well as TPs and FPs, which are all present simultaneously. (15, 51) provide excellent 

and more in-depth overviews of the various materials considered for HLM environments than the 

summary that will be presented here. The compositions of materials mentioned in this section are 

shown in Appendix 8.3. 
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3.4.1. Austenitic stainless steels 

Austenitic stainless steels have a face-centered cubic (fcc) crystal structure and have been 

used as reactor pressure vessel liners and core-support structures in LWRs. In particular 316 LN 

(L: low C, N: low N) and 304 LN are often chosen because the limited amount of C reduces 

sensitization during welding and the upper limit of 0.08 wt% N also improves weldability and 

minimizes scatter in mechanical properties (15). They have also been used as fuel cladding in SFRs, 

where they show good performance under typical SFR temperatures (350 – 475 °C) (15), which 

are substantially lower than desired LFR temperatures. However, these alloys can also show 

significant void swelling under irradiation (98), which causes severe embrittlement and hardening. 

Void swelling can be reduced by increasing the ratio of Ni to Cr up to 35-40% Ni when swelling 

again increases with Ni content (99). However, high Ni levels in HLM environments are generally 

undesirable because the Ni will be leached out, especially at temperatures > 550 °C, and can form 

intermetallics in the coolant. In addition, it is also expensive, has a tendency for radiation-induced 

phase instability, and generates He from parasitic neutron capture (15). A reduction of Cr 

concentrations would also reduce void swelling, but Cr is necessary for corrosion resistance (100, 

101). 

Void swelling is generally reduced by increasing point defect sink density, e.g., by cold-

working the material, which is known to delay the onset of void swelling (15), or by increasing 

vacancy mobility, which can be achieved by small additions of Si (0.8 wt% (15)) and P (93, 100, 

102), for example. The strongest swelling reduction is achieved by P, then Si, and then Ni on a per 

atom basis (100). However, RIS tends to remove these elements from the matrix and to bind them 

in precipitates. The presence of carbide-forming elements, such as Ti, Zr, Nb, and Hf, is supposed 

to delay this removal from the matrix, which leads to the 316Ti grade, the 15-15Ti grade (15Ni-

15Cr), and similar alloys, which can show significant void swelling suppression, even beyond 210 

dpa (15). The addition of Nb, V, Zr, and Ta increases phase stability, while the addition of Mo 

improves high-temperature strength (51). Finally, alloys for in-reactor service are generally cold-

worked up to 20% to improve mechanical properties as well as swelling and corrosion resistance 

(15). 

 

3.4.2. Ferritic / Martensitic (F/M) steels 

Of the body-centered cubic (bcc) ferritic and F/M steels, particularly those with 9-12 wt% Cr 

and up to 0.1-0.2 wt% C are often considered for LFR service due to a combination of good 

mechanical properties, even at elevated temperatures up to ~600 °C, low thermal expansion, and 

high resistance to radiation embrittlement and void swelling (33, 103, 104). However, F/M steels 

have unsatisfactory long-term creep resistance above 600 °C, which limits the operating 

temperature of the reactor significantly. Below 400-450 °C, radiation embrittlement becomes a 

concern (105, 106), which drastically limits the operating temperature range. 9 wt% Cr is 

preferable because 9Cr F/M steels, such as T91 or HT-9, show the lowest ductile-to-brittle 

transition temperature (DBTT) after neutron irradiation (103, 107). However, 12 wt% Cr alloys 

have been shown to swell significantly less (15), and a higher Cr content increases corrosion 

resistance. Excessive amounts of Cr may lower the steel’s ductility and fracture toughness, which 

is exacerbated by radiation (108). A significant downside to F/M steels is that they are quite 

susceptible to LME starting at 200 °C (52), while austenitic stainless steels are less so (109). 

Additions of small amounts of alloying elements can produce F/M alloys that show negligible 

swelling, even at high doses, and a small DBTT shift, such as EM10 (9Cr-1Mo), which was used 

as the wrapper tube material in the Phénix and Superphénix SFRs. However, its low strength and 
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thermal creep deformation at high temperatures limits its use to the wrapper tubes where 

temperatures do not exceed 550 °C (15). Addition of Al (73) and Si can also significantly increase 

corrosion resistance in F/M steels, such as EP823 with 1.5 wt% Si (110). F/M steels with 5.5 wt % 

Si have been shown to have no sign of corrosion attack (111). Some international programs have 

shifted their attention to the production of oxide-dispersion strengthened (ODS) ferritic alloys, 

which are supposed to withstand up to 250 dpa at temperatures as high as 700 °C (112). Common 

additions are Mo, V, W, Nb, and B, all of which show promise based on available data (15). 

The introduction of new alloy classes is not just dependent on their predicted performance 

based on laboratory experiments, but also on the ability to manufacture them in bulk, their 

machinability, and their weldability. In the case of F/M ODS alloys, production on a small batch 

scale (~10 kg) or pilot plant scale (~1 metric ton) has been demonstrated, potentially making them 

viable for in-reactor deployment (15). 

 

3.5. Known irradiation-corrosion processes 

3.5.1. Evidence of effects of irradiation on corrosion in nuclear reactor environments 

Radiation damage spans length and time scales from electrons and femtoseconds to human-

scale parts that evolve over decades or longer. Equilibrium and radiation-induced defects have a 

number of effects like those described in Section 3.3 that alter a material’s mechanical properties 

by affecting the base metal, the corrosion layer, and the corrosive medium. Therefore, it seems 

sensible that they should affect corrosion resistance as well. 

A historical example for how the understanding of irradiation-corrosion interactions evolves 

over time is the observation of enhanced corrosion of Zircaloy in LWR environments. Providing 

experimental proof for the existence of such effects and explaining the underlying mechanisms 

took decades of research (113). Some studies suggested that radiation only has a minor impact on 

Zircaloy corrosion rates (114, 115), with others showing drastic rate increases (116–118). 

Eventually, evidence mounted that the primary culprit is radiolysis, with other contemporary 

studies suggesting that radiation may also impact the base metal and/or the oxide layer (119). 

While radiolysis is known to play a role in IASCC (120), the majority of irradiation-corrosion 

effects in Zircaloy has since been explained with the radiation-induced redistribution of Fe from 

precipitates to the matrix (113). 

This example shows the importance of accelerated laboratory experiments that will be 

discussed further in Section 3.6.2. The aim of this section is to set the stage by discussing the 

various ways in which irradiation may affect corrosion in the absence of applied stress. It is largely 

based on (26), where the current state of knowledge regarding materials response to simultaneous 

exposure to radiation and corrosion by water, HLMs, and molten salts was reviewed in more detail 

than will be presented here. First, a few factors that have been found to affect irradiation-corrosion 

processes, such as dissolved O and temperature, will be discussed, followed by an overview of 

where in the system – the base metal, the corrosion layer, or the liquid phase – irradiation is likely 

to have an impact on corrosion. Most examples are based on Zircaloy corrosion in aqueous 

environments because it is the most well-studied pair of material and coupled irradiation-corrosion 

environment. Known irradiation-corrosion processes in HLM environments are summarized at the 

end of this section (see Section 3.5.1.8). 
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3.5.1.1. Dissolved O concentration 

The dissolved O concentration of the corrosive medium plays a crucial role in any oxide-

forming system. In the Zircaloy-water system, oxide layer growth rates are thought to be limited 

by O-diffusion. For Zircaloy-2 and Zr-2.5%Nb, a strong enhancement of radiation-induced 

corrosion was observed for increasing dissolved O concentrations in water (118). In fact, high 

amounts of dissolved O and radiation must be present simultaneously to increase corrosion rates 

(121). Dissolved O concentrations have also been found to be a relevant factor for shadow 

corrosion in Zircaloy (113, 122). For HLMs, the situation may be a bit different since O is generally 

thought to be available at the metal-oxide interface ((75, 76), see Section 3.2.1.2). However, the 

radiation-induced increase in electrical conductivity of the oxide that is partially responsible for 

the accelerated corrosion of Zircaloy may also change the response to different dissolved O 

concentrations in HLMs. 

 

3.5.1.2. Temperature effects 

Temperature can affect both corrosion kinetics and radiation-induced defect recombination, 

so it should influence their interaction as well. Since the annihilation rate of radiation-induced 

defects increases with temperature, their impact on corrosion should decrease at high temperatures 

(123). For Zircaloy in aqueous environments, one study found radiation-enhanced corrosion at 

lower temperatures (250-350 °C), but not at 400 °C or above (118). Temperature changes of 

~100 °C have also been found to induce a long-term (~1000 days) hysteresis effect in the oxide 

growth rate, such that a Zircaloy-4 sample initially irradiated at 360 °C and then shifted to a lower 

temperature (275 °C) exhibits the corrosion rates typical of an unirradiated sample compared to 

one continuously irradiated at the lower temperature (124). Temperature has also been found to 

impact the type of corrosion that occurs, e.g., in fuel rods that operate at lower temperature due to 

lower heat flux and are more susceptible to nodular corrosion as a result (125). 

In steels, the primary focus of irradiation-corrosion interactions is on IASCC. Other effects, 

where stress does not play a significant role, are generally less well-studied in aqueous 

environments. Nevertheless, one study showed that grain boundary attack in proton-pre-irradiated 

AISI 304 was higher for high-temperature irradiation conditions (773 K) than low temperature 

conditions (573 K, 673 K), which the authors ascribe to RIS outcompeting defect recombination 

at higher temperatures (126). 

 

3.5.1.3. Dose rate effects 

The oxidation rate of Zircaloy in water has been observed to vary with fast neutron flux, such 

that a higher flux leads to higher corrosion rates (127). Previously, however, corrosion rates were 

found to saturate above a certain flux, which was unfortunately not quantified (117). The dose rate 

can also create a flux-dependent hysteresis effect similar to the temperature-induced effect 

described in the previous section (124). 

 

3.5.1.4. Effects on the base metal 

In aqueous environments, radiation-enhanced corrosion is heavily dominated by processes 

related to radiolysis, and so, little attention has been paid to how radiation-induced defects in the 

solid affect corrosion. One important example to the contrary is radiation-enhanced corrosion in 

Zircaloy. After decades of research, this was eventually explained with the redistribution of 

alloying elements, specifically Fe, from precipitates to the matrix (113, 128). Corrosion resistance 
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of Zircaloy-2 and Zircaloy-4 is known to be strongly dependent on precipitate size, composition, 

and distribution (129). Studies have shown that these precipitates can be dissolved by fast neutron 

irradiation, which leads to the release of Fe, Cr, and Ni to the matrix (130, 131), and an increase 

of corrosion under irradiation. The hysteresis effect mentioned in Section 3.5.1.2 also hints at 

defects in either the metal or the oxide layer having a lasting impact on corrosion, but it is not clear 

where exactly the defects are created. 

 

3.5.1.5. Effects on the corrosion layer 

Oxides are normally electrical insulators, but under irradiation their electrical conductivity 

can be increased (see, e.g., (132)), which potentially increases the reactivity of species at interfaces 

and changes electron transport, which may accelerate corrosion. In Zircaloy, the aforementioned 

redistribution of Fe may cause it to be enriched along c-loop dislocations, which could lead to the 

formation of Fe-oxide grains that serve as local high-conductivity paths (113, 133). In BWRs, a 

mechanism for oxide dissolution induced by high energy photons has been proposed (134), which 

may explain observations that γ flux can have an impact on Zircaloy-4 corrosion (128). 

Interestingly, in-reactor radiation does not appear to have a significant effect until the Zr-oxide 

reaches 5-6 µm thickness (113). 

 

3.5.1.6. Effects on the liquid – radiolysis and impurities 

The changes in water chemistry due to radiolysis are known to affect corrosion of stainless 

steels (97, 135). In combination with stress, radiolysis contributes to one of the primary failure 

mechanisms in LWRs: IASCC (136). This is a heavily studied and reviewed (see, e.g., (86, 87, 

120)) mechanism in aqueous environments and will not be discussed further here because it 

requires the additional presence of stress. In contrast, little attention has been paid to radiolysis-

induced effects that are not cracking-related. An example to the contrary are ion-irradiation studies 

on AISI 316L that have shown that the presence of radiolysis products may promote Cr depletion 

in the oxide in nearby areas outside the beam spot, while T91 did not show this depletion (137). 

Similar studies on AISI 316L showed that the inner and outer oxides formed in the beam spot and 

nearby were similar in appearance, which was attributed to the presence of radiolysis products in 

and near the beam spot (138, 139). A comparison with a pre-grown oxide showed porosity and Cr-

depletion only in the beam spot, however, which indicates that radiolysis is not the only active 

process. 

The metallic bonds in HLMs prevent the occurrence of radiolysis effects in a manner 

analogous to water. Therefore, the impact of radiation on the liquid phase is limited to the 

production of impurities, either directly (TPs) or indirectly (FP release). Volatile FPs, such as Cs 

and I, can interact with the inside of the cladding tube and lead to corrosion and grain boundary 

attack (15). In rare cases, the presence of FPs may result in less corrosion, as observed in the 

Molten Salt Reactor Experiment (MSRE), where the deposition of noble metal FPs possibly lead 

to passivation (140). In the context of ADSs, lanthanides have been found to deposit on free metal 

surfaces, but their impact on the corrosion process was not explicitly studied (141). 

 

3.5.1.7. Radiation-decelerated corrosion 

In addition to the noble metal deposition in the MSRE mentioned in the previous paragraph, 

there are a few other cases where irradiation has been observed to decelerate corrosion. In Zr-

2.5Nb in water, there is evidence that corrosion can be decelerated by irradiation in the pre-
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transition phase (118), even though radiation is generally thought to only affect the post-transition 

phase. More recently, molten salt corrosion was observed to be decelerated in some cases by both 

simultaneous proton irradiation (Ni-20Cr in FLiNaK) (142) and neutron irradiation (316L and 

Hasteloy N in NaCl-MgCl2) (143). A decrease in intergranular oxide penetration due to proton 

irradiation was also found for 316L in high temperature water (144). 

 

3.5.1.8. Irradiation-corrosion effects in heavy liquid metals 

In HLMs, irradiation-corrosion interactions should be less complex than in aqueous 

environments for several reasons: 1) the impact of γ radiation on parts that are outside of the core 

should be significantly reduced or non-existent because of the high density of HLMs; 2) radiolysis 

cannot occur; and 3) LFRs are designed to operate at higher temperatures than LWRs, which 

increases the recombination rate of point defects. In addition, TP production in an LFR is not 

thought to be a significant factor and neither are the associated potential effects on corrosion, at 

least during the first half of the reactor’s life (15). In ADSs, however, the intense proton and 

neutron fluxes will likely make transmutation a bigger issue than in LFR environments. 

Experiments with steels, such as T91, MANET II (a 12Cr-1Mo-NbV steel), and AISI 316L 

under simultaneous proton irradiation (72 MeV) and exposure to flowing LBE have shown that 

oxides are thicker in the beam spot for long experiment durations (> 200 hours (145, 146)) or that 

the beam spot is the only location where an oxide is present for irradiation times too short for 

oxides to form elsewhere (147). Similar inhomogeneities in oxide thickness were observed in HT-

9 exposed to 5.5 MeV protons and static LBE (420 °C) for 58 hours (148) and 11Cr1W1Si F/M 

steel exposed to 5 MeV protons and static LBE (400 °C) for 17 hours (40 hours total corrosion 

time, (149)). Heavy ion irradiation with 247 MeV Ar of SIMP steel (a martensitic steel with 10.8 

wt% Cr) under simultaneous corrosion by flowing LBE (350 °C) also showed increased corrosion 

layer thicknesses in the beam spot (150, 151). AISI 316L and T91 samples exposed to LBE (350 °C) 

and neutron-irradiated up to 9.1 dpa in the BOR-60 reactor showed a sub-μm oxide layer, but no 

evidence of large-scale corrosion attack (152). Differences exist in the interpretation of whether 

radiation-induced defects are responsible for accelerated corrosion (148–150) or simply beam-

induced temperature differences (145–147), and as of yet, there is no conclusive proof for which 

is the dominant cause. 

 

3.6. Studying irradiation-corrosion interactions 

3.6.1. Validity of ion irradiation studies in a nuclear reactor context 

Since most of the displacement damage in materials is caused by neutrons, using a reactor to 

study their effects under realistic fluxes would be ideal. However, such experiments are rather 

costly and time-consuming since a commercial reactor only produces a few dpa per year (up to 10 

dpa in a high-flux reactor). If the goal is to study the behavior of a material after long-term exposure, 

e.g., towards the end of life of the reactor, suitable ways to conduct accelerated aging studies must 

be found. This is especially true for studies targeting advanced reactors, where materials may 

experience hundreds of dpa over their lifetime and where access to research reactors is limited at 

best. In addition, neutron irradiation produces many TPs in a material, which makes the samples 

highly radioactive and difficult to handle. 

All these factors make ion irradiations very attractive as surrogates for neutron irradiation. 

This is reflected in the approximate number of irradiation-corrosion studies employing each 



 

24 

radiation type shown in Figure 7. Note that there is a large number of in-reactor studies, but that 

many of them are significantly older than those published using ions. However, there are some 

fundamental differences between damage induced by neutrons and by ions. Unlike neutrons, ions 

have an inhomogeneous damage profile. A flat damage region that becomes larger as the ion 

energy increases is followed by the Bragg peak, where substantial damage is created in a small 

region. Shortly thereafter, the ion comes to rest in the material, leaving behind an injected atom. 

The length of the ion track is quite limited compared to that of a neutron of comparable energy, 

which limits the depth in the material that can be studied. Like neutrons, light ions can produce a 

variety of TPs at relatively low ion energies, while heavy ions do not. The species produced from 

ion irradiation are different, which implies that the impact of TPs on the sample cannot be directly 

compared to those created by neutrons. However, their number is smaller due to smaller reaction 

cross sections compared to neutrons, which renders the material less activated. Ion beams can 

induce up to several dpa per day (depending on the ion and the flux), which accelerates the study 

of high-dose radiation effects, and has been shown to be a useful surrogate for neutron damage if 

dose rate and other effects are interpreted carefully (153). Light ions are useful because they have 

much greater penetration depths than heavy ions. Consequently, the flat damage profile of a proton 

with a few MeV of energy can extend 10s of µm deep into a material. An in-depth discussion of 

neutron damage effects that can be emulated by ion irradiation in various ways is given in (123). 

 

 

Figure 7 – Approximate number of simultaneous irradiation-corrosion studies reported in the literature as of 2021, adapted from 

(26). Note that the list of studies counted here is not exhaustive and is merely intended to give an overview of the field of 

simultaneous irradiation and corrosion. 
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3.6.2. Importance of laboratory-scale irradiation-corrosion experiments 

In many cases of undesirable materials degradation, a set of very specific conditions is 

responsible for increases in the susceptibility of the alloy. Determining these conditions in 

materials exposed to simultaneous irradiation and corrosion is the main purpose of laboratory-

scale irradiation-corrosion experiments. Another purpose of these experiments is to predict the 

end-of-life of components, even in ideal conditions. One example is determining when the 

cladding reaches a certain oxide thickness above which heat transfer deteriorates to an 

unacceptable level. In some cases, there is doubt that a short-term experiment can reproduce the 

often-long-term responses of materials to certain conditions. Therefore, such experiments must 

accelerate irradiation and corrosion processes in a material equally or at least in a representative 

manner if any useful information about their simultaneous occurrence is to be gained. Even though 

laboratory experiments are generally easier to control, care must be taken to keep track of the 

various environmental parameters. For example, the presence of impurities in the system can make 

results of irradiation-corrosion experiments difficult to interpret (see, e.g., (154)). 

Certain in-reactor phenomena, such as BWR nodular corrosion and shadow corrosion in 

Zircaloy-2, are difficult to simulate outside of a reactor, although shadow corrosion has recently 

been reproduced in a laboratory setting (155). Their likely galvanic nature requires simultaneous 

irradiation of the material, which leads to increased electrical conductivity of the oxide layer, and 

sufficient dissolved O in the water to change the electrochemical potentials of the surrounding 

metals for these processes to occur (113, 122). Therefore, while much can be learned from 

irradiation experiments with pre-oxidized samples, certain processes require simultaneous 

irradiation and corrosion. 

For LFRs, where corrosion is currently not considered to be life-limiting, the relevance in 

understanding irradiation-corrosion interactions lies in preventing 1) the acceleration of corrosion 

processes to the extent that they become life-limiting for a component, and in preventing 2) the 

synergistic acceleration of the redistribution of alloying elements in such a way that LME or void 

swelling (in components where it is critical) are enhanced locally. 

 

3.6.3. Setups for simultaneous irradiation-corrosion experiments with lead-bismuth 

eutectic (LBE) reported in the literature 

This section mainly describes experiments that use ion beams as their source of radiation 

damage rather than neutrons. An in-depth report of the work that has been done in HLM 

environments can be found in (21). This section only describes the experimental designs. Results 

are briefly discussed in Section 3.5.1.8. 

The original experiment in the ICE series, ICE I, is described in (156) and served as a 

demonstration experiment. The second version, ICE II, is described in (157) and produced an HT-

9 sample (a F/M steel, 12Cr-1MoVW), which was corroded in LBE (420 °C) and simultaneously 

irradiated with 5.5 MeV protons for 58 hours (148), and whose evaluation will be described in 

Section 4.1. ICE II was a quasi-static corrosion chamber setup, where the LBE could be drained 

from the chamber and replenished periodically. The purpose of this was to enable dissolved O 

control in the chamber-external LBE reservoir and the exchange of LBE in the chamber to maintain 

an oxide-forming environment. The chamber was connected to a 3 MV National Electrostatics 

Corporation (NEC) Tandem accelerator at the Ion Beam Materials Laboratory (IBML) at Los 

Alamos National Laboratory (LANL). 

The sample itself was used as the beam window, and therefore had to withstand high-vacuum 

conditions (as low as 1e-6 Pa). High-energy protons were supposed to fully penetrate the sample 
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to then be stopped in the LBE behind it. This creates a zone on the backside of the sample where 

irradiation and corrosion occur simultaneously. The ~5 cm diameter sample was dimpled to 

achieve a variety of thicknesses between 77 µm in the center and 110 µm at the edge of the dimple. 

The original intent was to create different zones with different dpa levels, depending on which part 

of the Bragg curve the solid-liquid interface would coincide with (157). 

A static irradiation-corrosion setup, which is conceptually similar to the static corrosion cells 

described in (142) and in this work, was established at a 3 MV tandetron accelerator at Sichuan 

University (149). The limitations relevant to sample thickness are similar to those relevant to the 

setup presented here and discussed in Section 4.2.1 although a higher proton energy of 5 MeV and 

therefore a higher sample thickness of 70 µm was selected in (149). The setup also features a 

thermal camera that measures the sample temperature on the vacuum side. 

Several experiments with higher proton energies have been designed to study irradiation-

corrosion effects in LBE for ADS applications. The spallation targets for these systems will be 

bombarded with protons with several hundred MeV of energy and have been studied as part of the 

MEGAwatt PIlot Experiment (MEGAPIE) (158, 159), the Development and assessment of 

structural materials and heavy liquid Metal technologies for TRAnsmutation (DEMETRA) 

systems (160), and the GEneration IV and Transmutation MATerial (GETMAT) (161) programs. 

The goal of MEGAPIE was to develop an LBE spallation target with T91 as the beam window 

material (162, 163). To this end, stressed steel specimens were exposed to 72 MeV protons and 

flowing LBE in the Liquid metal – Solid metal Reaction (LiSoR) loop (see (164)) up to less than 

1 dpa. 

Few facilities work with heavy ions because of the higher energies that are needed to achieve 

the same penetration in the samples as with light ions. One such example is the Heavy Liquid 

Metal and Irradiation Facility (HLMIF), where 247 MeV Ar ions are used to study interactions 

between LBE corrosion and heavy ion irradiation (150). The isothermal flow loop can circulate 

LBE at flow velocities of up to 3 m/s at different temperatures (200-600 °C) and with a dissolved 

O concentration that is assumed to be at saturation (150). The ion energy limits sample thicknesses 

to 30 µm or lower. 

A major drawback of the setups described in this section is that results can only be obtained 

by analyzing the samples “post mortem”. One attempt to study the irradiation-corrosion response 

of pre-oxidized HT-9 irradiated with 800 MeV protons and exposed to static LBE (200 °C) in situ 

was made with a method similar to electrical impedance spectroscopy at the Los Alamos Neutron 

Science CEnter (LANSCE) (165). As expected from observations in aqueous environments, the 

oxide’s impedance immediately decreased with beam on the sample, but fluctuated wildly once 

the beam was turned off, which reflects difficulties with repassivation (165). The addition of an 

in-situ monitoring capability for corrosion under irradiation is one of the goals of the ICE III 

presented in this dissertation and will be discussed in Section 4.3. 

 

3.6.4. Need for understanding of model materials 

While the ultimate goal is to develop better structural materials for nuclear environments, 

understanding the intricacies of materials degradation in a complex alloy is typically extremely 

complicated. To reduce the parameter space, it is often helpful to simplify the composition and 

study pure, binary, or ternary model alloys. If the correct alloying species are chosen, it is possible 

to achieve a good approximation of the commercial alloy’s behavior. There have been several 

successful realizations of this approach in irradiation effects studies. For example, the influence of 

Ni content on neutron-induced void swelling in model and commercial alloys has been found to 
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be similar in both reactor and ion beam studies (166). Other studies have shown that simple FeCr 

binary alloys exhibit similar void swelling behavior as FeCrNi alloys (167, 168). Fe15Cr45Ni 

doped with 59Ni shows levels of He production at low dpa that are typically only observable after 

some delay due to the required buildup of 59Ni (169). This information directly led to a better 

understanding of which (n,α) reactions dominate He production in a fast reactor environment. The 

same logic should apply to using model materials in irradiation-corrosion experiments.  
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4. Irradiation-corrosion experiments 

ICE III, which is described in Section 4.2, is the third installment in a series of experiments 

targeting the effects of radiation on simultaneous corrosion processes in LBE. Its predecessor, ICE 

II, which is described in Section 3.6.3, produced an HT-9 sample, the analysis of which will be 

discussed in Section 4.1. ICE III is not only simpler than the previous iterations in its overall design, 

but it also features a new in situ sample surveillance technique in the form of PIXE, which is 

normally used for the elemental analysis of thin samples. This feature is described in Section 4.3 

and in situ as well as ex situ results obtained in the pure Fe-LBE model system are described in 

Section 4.4. In Section 4.5, some preliminary results from using ICE III with molten salt (MS-ICE) 

and attempting to introduce thin-films grown with physical vapor deposition (PVD) into an ICE-

like design (Tiny-ICE) are shown. Finally, a discussion of the implications of the different 

experimental observations is discussed in the context of the literature in Section 5. Table 4 

summarizes the different combinations of sample materials, corrosive environments, and proton 

energies discussed in this section. 

 
Table 4 – Summary of experiments discussed in this section. 

 Sample material Corrosive medium Temperature [°C] H+ energy [MeV] 

ICE II HT-9 LBE 450 5.5 

ICE III Fe LBE 450 4 

MS-ICE AISI 304 NaCl-MgCl2 450 2.75 

Tiny-ICE Fe LBE 450 0.2 

 

4.1. HT-9 sample evaluation from the irradiation-corrosion experiment II 

As mentioned in Section 3.5.1.8, an inhomogeneous oxide had previously been observed on 

this sample (148). However, this was based solely on the analysis of the sample surface. The goal 

of the work presented in this section was to study the cross section to find evidence of radiation-

induced changes to the oxide layer, specifically its overall thickness. The expectation was to find 

a thicker oxide layer in the beam spot as had been observed in other irradiation-corrosion studies 

(see Section 3.5.1.8). 

 

4.1.1. Procedure 

This work was performed in 2019 at the University of California, Berkeley (UCB), seven 

years after the ICE II run in 2012. The sample was still slightly activated and contaminated with 

LBE (see Figure 8b)). It was cut near the beam spot on a slow-speed saw, which was supposed to 

prevent excessive damage to the oxide layer. The sample was then cast in epoxy to further stabilize 

it, especially in the center, which had developed a leak during the experiment and was already 

reinforced with Crystalbond (Ted Pella). Polishing was done on a portable polisher to prevent 

contamination of shared polishers. Ethanol was used as lubricant to prevent any water-based 

corrosion of the oxide during polishing. The sample was polished to 2000 grit. The thickness of 

the remaining uncorroded steel as well as the adherent oxide layer were then measured in a 

scanning electron microscope (SEM, FEI QUANTA 3D dual beam SEM/FIB (focused ion beam, 

UCB)). 
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Figure 8 – ICE II sample after cutting. The white line in a) roughly indicates the depth to which the sample was polished. 

 

4.1.2. Results 

An SEM image was taken every 500 μm and every 250 μm near the center and the thicknesses 

of the base metal and the observed oxide were measured (see Figure 9). For these measurements, 

the oxide layer thickness is a single number, even though in some areas, the oxide shows the 

characteristic multilayer structure expected for a F/M steel in LBE (see Figure 10). It is 

immediately apparent that the center of the sample is thicker (~83 µm) than it was supposed to be 

(77 µm, (157)). It is also obvious that the remaining oxide layer is thickest in a region away from 

the center. The outlier close to the middle of the oxide thickness peak is due to the oxide being 

partially spalled off in this location. It could be corrected upward by adding the observed thickness 

of the outer missing oxide in neighboring locations (see Figure 10 b)), but this was not done for 

this figure because of the high variability observed in outer oxide thicknesses. 

 

 
Figure 9 – ICE II sample cross section measurements. 
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Figure 10 –Multilayer structure of oxides that formed on the ICE II sample and partially spalled off. 

 

4.1.3. Discussion 

As noted in Section 3.6.3, the ICE II sample was dimpled, which led to a range of thicknesses 

between 77 µm in the center and 110 µm at the edge (157). For the 5.5 MeV proton energy that 

was selected for the experiment, this means that the center of the dimple would be part of the flat 

region of the Bragg curve, while the peak occurs around 98 µm and the curve ends at approximately 

105 µm (see SRIM calculations in (157) and Figure 11). Therefore, 5.5 MeV protons cannot fully 

penetrate the outer edge of the dimple. 

The base metal was measured to be ~83 µm at its thinnest in this work, which either implies 

that the sample was not 77 µm thick to begin with, which is difficult to control during machining, 

or that this cross section is slightly off-center. However, in either case, it is interesting to note that 

the oxide is thickest far away (~1.5 mm) from the center. More importantly, its thickness peak is 

located well outside the region of possible proton penetration, which is shown in yellow in Figure 

9. This region corresponds to the area of the sample where the base metal is currently 105 μm thick 

or less. However, the HT-9 metal thickness has decreased over the course of the experiment due 

to the growth of the oxide layer, which means that the region the beam could penetrate was even 

narrower at the start of the experiment. 

The beam spot size during the experiment was reported to be 3x3 mm2 (157). If the beam was 

centered on the sample, the oxide thickness peak barely overlaps with the beam spot. It is possible 

that the beam was slightly off center and coincides with the oxide thickness peak, especially for 

an experiment that lasted almost 60 hours. However, in this case, the beam spot would have been 

in an area where the protons cannot fully penetrate the metal, and therefore cannot produce defects 

at the metal-liquid interface or the oxide-liquid interface directly to accelerate corrosion as 

hypothesized. 

This leaves several possible explanations for the observed oxide thickness peak: 
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1) It is possible that the oxide in the center of the sample spalled off. The stresses that occur 

in thick oxides eventually cause spalling, and it is conceivable that radiation-accelerated 

corrosion led to an accelerated thickening of the oxide in the center, such that it broke off, 

while the oxide in other areas of the sample is still intact. However, it is not clear why only 

the oxide on one side of the beam spot and in one highly localized area would have survived 

and why there is a clear peaking of oxide thicknesses. 

2) A beam of 5.5 MeV H+ at the reported average 2.7 µA deposits ~15 W in the beam spot. 

As will be seen in Section 4.4, this leads to substantial heating in the beam spot (10s of °C), 

even with a coolant as efficient as LBE. It is possible that beam heating contributed to the 

observed accelerated oxide growth. 

3) It is also possible that radiation-induced defects have traveled a significant distance through 

the sample to contribute to accelerated corrosion at the solid-liquid interface. This requires 

their migration through several tens of µm of material – likely primarily along GBs – which 

is not inconceivable. 

 

 
Figure 11 – Log-log plot of estimated ion ranges for H, He, and Li in Cr, Fe, and Ni, as well as for H in LBE. The curves were 

obtained with SRIM (170) Quick Calculations with effective displacement thresholds from (171) and lattice displacement 

thresholds set to 0 eV, according to (172). 

 

4.2. Development of the simultaneous Irradiation-Corrosion Experiment (ICE) III 

ICE III differs from its predecessor, ICE II, in several ways that will be outlined in this section. 

The two primary differences are that ICE III uses thinner samples (≤ 50 µm), which reduces sample 

activation because lower-energy protons (≤ 4 MeV) can be used, and that it is a static corrosion 

chamber, i.e., no corrosive medium can be added or removed during the experiment, which greatly 

simplifies the design. In addition, it features an in-situ corrosion monitoring technique in the form 

of PIXE, which will be described in Section 4.3. 
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4.2.1. Chamber design 

4.2.1.1. Design requirements 

Several design goals had to be fulfilled with ICE III: 

1) Simplicity: The new design should be simple and, ideally, only use off-the-shelf parts. 

2) Experiment duration: ICE III samples are supposed to last up to 200 hours under 

irradiation-corrosion conditions, which requires that the corrosive liquid maintain its 

corrosivity for the same duration. 

3) Fast turnaround: While being thick enough to last for up to 200 hours, the samples should 

also be thin enough for the proton beam to pass through (see next paragraph). The thinner 

the samples, the lower the proton energy, which reduces activation and the production of 

radioactive isotopes. 

4) Space for attachments: ICE III is intended to have access ports for multiple thermocouples 

(TCs) as well as electrodes. 

5) Compatibility / adaptability: ICE III is intended for use with any liquid corrosive medium, 

i.e., its fundamental design should be compatible with or easily adaptable for other 

corrosive media beyond LBE, such as molten salts. 

 

Design goal 3) is only relevant if the sample itself is the beam window. Since ICE III is 

designed for use with a relatively low-energy proton beam (< 10 MeV), the only options for an 

irradiation-corrosion experiment are a) to use the sample as the beam window and have the protons 

be stopped in the corrosive medium or, alternatively, b) to have the protons pass through a window 

and the liquid to then be stopped in the sample. The latter requires an extremely thin window, 

which is also likely to be corroded, but, more importantly, an extremely thin layer of liquid as well. 

The penetration depth for protons of different energies is shown in Figure 11. The maximum proton 

energy the 3 MV NEC Tandem Accelerator – used during ICE II as well as ICE III – can produce 

is 6 MeV, according to 

 

𝐸𝑖𝑜𝑛 = (𝑞 + 1) ∗ Δ𝑈 , 
 

where 𝑞 is the charge state of the ion (+1 for protons) and Δ𝑈 is the accelerating voltage. 6 MeV 

protons can penetrate approximately 150 µm of LBE. This means that the corrosive medium 

volume would be extremely small and could saturate quickly with corrosion products during the 

experiment, at which point the corrosion process ends. Another issue specific to LBE is that the 

protons would pass through it at high energies, which could lead to the production of Po. For these 

reasons, while setups for option b) exist (see, e.g., a chamber that can be used in electron 

microscopes (173)), for our purposes, the sample must be the beam window and the irradiation-

corrosion region is on the backside of the foil, where the corrosive medium is located. 

 

4.2.1.2. Sample requirements 

As the beam window, the sample must be able to make a vacuum-tight seal and withstand the 

pressure difference between the corrosion chamber and the vacuum. Metals are good sample 

candidates due to their ductility, while brittle materials, such as ceramics, are more difficult to 

mount on the chamber and would likely break if too much pressure is applied to create a vacuum 

seal. Another requirement is that the sample should not react rapidly with the chamber materials it 

is in contact with or with the corrosive medium. In the case of LBE, this means avoiding samples 
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that primarily consist of highly soluble elements (see Section 3.2.1). The pure sample materials of 

interest for the study of structural steels are Fe, Cr, and Ni. Since Ni and Cr have relatively high 

solubility in LBE, pure Fe was selected. 

In addition to the range of protons, Figure 11 also shows the penetration depths of He and Li 

ions in Fe, Cr, and Ni. It is immediately obvious that ions heavier than protons have very shallow 

ranges in these materials (9 MeV He2+ ions stop after less than 25 µm), which makes them 

unsuitable. It is also important to note that the sample should be substantially thinner than the ion 

range, so that the interface between the sample and the corrosive medium does not coincide with 

the Bragg peak. As the interface moves during the corrosion process, the applied dose rate should 

ideally stay the same. Therefore, it is desirable to set the sample thickness such that it only overlaps 

with the flat region of the stopping power curve. Considering all these factors, the maximum proton 

energy for ICE III was set to 4 MeV, which allows the use of samples up to 50 µm thick. 

 

4.2.1.3. Early iterations 

Different options for the design of ICE III and its components were discussed with Peter 

Hosemann and others. High-vacuum-compatible DN16CF flanges (Duniway and MDC) were 

selected as the building blocks of ICE III. Larger flanges can hold more liquid, but with the 

reduction of the sample thickness to 50 µm, there were concerns that the sample might rupture 

during the experiment like the HT-9 sample in ICE II, especially if it is made of less corrosion-

resistant pure Fe. A DN16CF flange allows for a sample diameter of ~2 cm, which makes the 

sample more stable than a larger size. However, the reduced diameter leads to concerns about 

premature saturation of the LBE with corrosion products or a decline in dissolved O concentration 

over the course of the experiment. Therefore, a thick version (~1.3 cm wide compared to the usual 

0.7 cm, Norcal) of the DN16CF was used to contain the corrosive medium. 

TCs (1/16” OD sheathed K-type, Omega) were added to the chambers by feeding them 

through a Swagelok adapter from a 1/16” to a 1/16” male NPT (National Pipe Thread) connector 

(AISI 316, from Stainless Steel Fittings). AJ Gubser (UCB) drilled and tapped the necessary NPT 

holes on the central flange. A typical chamber has two NPT fittings, so that two TCs – one in the 

beam spot, one outside – can be added. Initially, the threads were going to be welded shut to 

prevent LBE from escaping the chamber. However, due to its very low vapor pressure this proved 

to be unnecessary as there has been no evidence of Pb or Bi vapor leaving the chamber. An attempt 

to seal the threads with high-temperature compatible liquid Copaltite sealant (up to 815 °C, 

Copaltite) was made, but the LBE interacted with it and its use was discontinued to prevent LBE 

contamination. 

Originally, the chamber was going to feature a window on the backend of the chamber, 

through which the corrosive medium could be studied, for example with Raman spectroscopy. 

This would be especially useful for transparent corrosive media, where it might be possible to 

study the backside of the sample during the corrosion process. Early tests with LiCl-KCl eutectic 

(58.8–41.2 mol%, Tmelt 352 °C, synthesized by Jie Qiu (UCB)) showed some promise, as the 

sample could be viewed through a sapphire window (Larson Electronic Glass) while the salt was 

molten (see Figure 12 d)) although some opaque corrosion products also deposited on the window. 

Since this was a mechanical test, no particular care was taken to keep the salt clean. After synthesis, 

the solid salt block had to be ground into a powder to be filled into the test chamber. Grinding was 

done in a Spex Shatterbox® with the help of John Grimsich and Tim Teague (UCB). The grinding 

and filling of the salt into the chamber was done outside of a glovebox, which is likely how 

impurities were introduced. There may also be a minor contribution from interactions of the salt 
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with the native oxide on the chamber parts. Exclusively handling the salt in an inert atmosphere, 

e.g., in a glove box,  and more rigorous chamber preparation, e.g., by flushing it several times with 

clean salt, could probably avoid these depositions on the window. However, no further attempts 

were made because the sapphire window is Ag-brazed to the flange, which limits its use to 200 °C 

(174). During testing, it stayed intact at temperatures up to 400 °C for 40 hours, but since the 

experimental duration for ICE III was intended to be much longer (up to 200 hours) and at higher 

temperatures (up to 700 °C), especially for molten salts, it was removed from the chamber. For 

LBE, a Ag-brazed window is not suitable to begin with because Ag has very high solubility in 

LBE. 

 

 
Figure 12 – Test of the sapphire window with LiCl-KCl (40 hrs at 400 °C) and a AISI 304 sample (Maudlin Products). a) shows 

the empty chamber through the window where the TC is visible; b) is the chamber filled with salt powder; c) and d) show the salt 
partially and fully molten; respectively. The blue arrow points to an area where the backside of the sample is visible through the 

salt, while the rest is covered with opaque corrosion products; e) shows the chamber after the experiment, where the deposit is 

clearly visible. Note that the salt volume has decreased due to the powder’s low packing fraction. 

 

Initially, it was not clear how to mount the sample to create a vacuum-tight seal. Different 

options were explored, such as pressing the sample directly against the knife edge of the corrosion 

chamber with a gasket, sandwiching the sample between two gaskets, and welded solutions. In the 

case of LBE, traditional gasket materials, such as Cu and Ni, must not be exposed to the LBE 

because of the high solubility of these elements. Therefore, any kind of sample sandwich would 

require an LBE-compatible material, such as graphite. Having the sample between the gasket and 

the knife edge allows for the use of traditional metal gaskets, but there were concerns that the 

sample would be cut through, which might allow LBE to get in contact with the gasket. Several 

“dry” tests, where samples were mounted and inspected, as well as long-term corrosion tests (up 

to 200 hours) showed that this was not the case for 50 μm thick steel and Fe foils, so this method 

ended up being selected. 

This also meant that a second sample could be used on the backside of the chamber to protect 

the gasket and to obtain a comparison between the irradiation-corrosion sample and this new 

corrosion-only sample. Had this mounting method not worked, the alternative strategy would have 

been to use a disk of soft graphite instead. However, attempts at making a Cu-sample-graphite 

sandwich generally resulted in the graphite being compressed too much and small amounts of LBE 

leaking into neighboring flanges. The graphite sheet was also difficult to work with due to its 

softness, which may have been alleviated by replacing it with steel-reinforced graphite sheet. 

Finally, a welding solution would have required a weldable surface of some kind, which would 

have led to more modifications to the chamber flanges. One possible option for molten salts was 

explored, where a pure Ni sample was held between two Ni gaskets that were then welded together 

on the outside. This work was performed by Adi Ben Artzy (UCB) and Rasheed Auguste (UCB). 

Since pressing the sample against the knife edge was sufficient and Ni is not compatible with LBE, 

this beam window was never used, but was a valuable proof of concept for potential molten salt 

designs. 
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4.2.1.4. Current design 

The various choices described in the previous section led to the current design shown in Figure 

13. All flanges are made from AISI 304 and available off-the-shelf. Drilling and tapping of holes 

for the Swagelok adapters (AISI 316) is the only modification necessary. Since all experiments 

discussed here are conducted at relatively low temperatures (450 °C), Cu gaskets are used to hold 

the samples in place even though they are known to diffusion-bond to other metals around that 

temperature. Ni gaskets are available for higher-temperature experiments. Sample A is the beam-

facing irradiation-corrosion sample, while Sample B is the corrosion-only sample on the backside 

of the chamber. Two K-type TCs (positive lead: Ni-Cr, negative lead: Ni-Al; sheath: AISI 304L) 

are bent towards the two samples, so that TC A records temperatures near the beam spot and TC 

B records temperatures near the backside of the chamber. The assembly is mounted on a DN40CF-

to-DN16CF adapter flange, which is mounted on one of the beamline end stations of the 3 MV 

NEC Tandem accelerator at the IBML at LANL. 

 

 
Figure 13 – a) shows the layout of the ICE chamber with two samples (irradiation-corrosion (Sample A) and corrosion-only 

(Sample B); red areas) and one TC in the corrosion chamber (yellow center flange). b) shows a photo of an empty ICE chamber 

with two TCs, which are bent away from each other to be closer to the sample surfaces. 

 

4.2.2. Samples 

Testing of the ICE III chambers was done with 50 µm of AISI 316 (Maudlin Products) or 

99.5% pure Fe (Goodfellow), while 99.99% pure Fe (Goodfellow) was used for the actual 

experiments. 99.8% pure Fe (Goodfellow) was used for the PIXE calibration curve measurements 

(see Section 4.3.3). Table 5 shows the impurity contents according to data sheets provided by the 

manufacturer (175). Note that the absence of values for a particular impurity concentration does 

not necessarily imply that it is below the detection limit, but rather that it likely was not measured, 

especially in the case of 99.5% pure Fe. Samples were used in as-rolled condition, i.e., there were 

no polishing or annealing steps, which could be added if desired. After cutting, the samples were 

cleaned with isopropanol and mounted in the chamber. 
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Table 5 – Impurity content of pure Fe from Goodfellow in ppm. 

 Mn Cu Ni Al Si In Ag Ca Co Mg Cr P S 

99.5% 3000 - - - 1000 - - - - - - <400 <500 

99.8% 5 400 400 10 8 8 15 40 400 8 - - - 

99.99% 1 2 1 2 3 - 1 3 - 2 1 - - 

 

4.2.2.1. Sample cutting 

Since the samples are rather thin, they can be cut with scissors if a simple circular shape is 

sufficient. Early test samples were cut this way and were found to work well. However, there were 

a few exceptions that led to small leaks during testing, which was typically because the sample 

OD was slightly too large. Consequently, the gasket could not create a proper seal with the knife 

edge. In order to avoid this and reduce potential stresses introduced by hand-cutting, more 

reproducible machine-based cutting methods were sought, such as water jet cutting, wire electrical 

discharge machining, or laser cutting. 

Attempts with water jet cutting were made at the Jacobs Hall Makerspace (UCB) under the 

guidance of Cody Glen (UCB). Several pieces of 99.5% Fe foil were stacked and sandwiched 

between two thin Al pieces. The stack was clamped together, stabilized with glue, and cut on an 

Omax water jet using garnet as the abrasive. Unfortunately, the water jet produced very jagged 

edges on the samples (see Figure 14), presumably due to vibrations during the cutting process. 

This also allowed water to penetrate in between samples and oxidize them because pure Fe 

promptly reacts with water. 

 

 
Figure 14 – Comparison of good and bad examples samples cut by hand, with a water jet, and with a femtosecond laser. 

 

Of the machine-based cutting methods mentioned above, laser cutting is the only one without 

a potentially corrosive cutting fluid. It also allows for the cutting of more complicated shapes, such 

as the one shown in Figure 15, unlike hand cutting. This sample type was cut with the femtosecond 

laser at the Center for Integrated NanoTechnologies (CINT, LANL) with the help of Quinn 

McCulloch (LANL), who, together with Jonathan Gigax (LANL), also provided training on the 

femtosecond laser. The bolt hole cutouts can keep the sample in place if it is sandwiched between 

two gaskets, as described in Section 4.2.1.3. However, since a single gasket turned out to be 

sufficient, these samples were never used. Instead, simple circles were cut, as shown in Figure 14. 

Laser cutting produces the cleanest and most consistent samples. The dark rim of the bad example 

was produced by too much laser power. When used properly, this technique puts little stress on 
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the sample and has a small heat-affected zone, which means that the LBE-facing area inside the 

knife edge should be unaffected by the cutting process. 

 

 
Figure 15 – a) A 99.99% Fe foil (Goodfellow) is being cut at the fs-laser at CINT (photo courtesy of Howard Coe (LANL)). 

Magnets hold the foil in place as the XYZ-stage moves the foil underneath the laser. A blower directed at the laser spot removes 

debris during the cut. b) A finished Fe foil with bolt holes cut out. 

 

4.2.2.2. Thin-films 

An attempt was made to grow thin-films on AISI 316 and pure Fe substrate. Unlike a regular 

50 μm thick sample, a thin-film can only be used for a short-term corrosion experiment. However, 

if thin-films could be incorporated in ICE III, then a variety of different sample compositions could 

be tested easily. The goal was to determine if Fe or steel foils could be used as a mechanically 

stable beam window, so that other, possibly less stable alloy compositions could simply be grown 

on top and used in ICE III. In preparation, 50 μm thick AISI 316 and pure Fe foils (2 cm OD) were 

electropolished with 5 vol% perchloric acid in methanol by Ramon Martinez (LANL) and Hyosim 

Kim (LANL) based on a recipe provided by Calvin Lear (LANL). 1 μm thick Fe thin-films were 

then PVD-deposited (room temperature, 10 W bias) by Ben Derby (LANL). Unfortunately, these 

samples were never used in ICE III because clamping them between a gasket and the knife edge 

immediately introduced cracks in the films (see Figure 16). Such cracks would likely allow the 

LBE to penetrate underneath the thin-film immediately and would probably cause the film to be 

lifted off the substrate very quickly.  

 

 
Figure 16 – a) shows cracks parallel to the knife edge that are visible at very low magnification. The cracks become finer the 

further they are from the knife edge, as shown in the magnified cutaway in b). 
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It is unclear if adhesiveness of the film can be improved or if growing a film only in the center of 

the sample would alleviate this issue without the outer rim of the thin-film experiencing 

accelerated attack. 

 

4.2.3. Chamber filling 

4.2.3.1. Pb safety 

Filling of the corrosion chambers requires hands-on work with LBE, which is ~45% Pb, an 

element known to be toxic. Safe handling procedures were developed in the context of an 

integrated work document for experiments involving LBE at the IBML at LANL. A key part of 

these procedures is to limit all handling of LBE and potentially LBE-contaminated parts to a Pb 

area, which was established in a fumehood. Only filled and sealed corrosion chambers are taken 

to other areas of the laboratory, such as the beamline for irradiation. 

Pb is easily spread as dust, e.g., during machining operations. As a liquid, however, it has very 

low vapor pressure in its pure form as well as a low partial pressure when mixed with Bi (see  

Figure 46 and Figure 47 in Appendix 8.1). Therefore, the safest way to fill the chambers is by 

filling them with liquid LBE rather than LBE in powder form. Casting of LBE into a shape that 

would fit inside of the ICE chamber, so that it could be loaded with a solid block of LBE, was also 

considered but ruled impractical because of the presence of the TCs. 

 

4.2.3.2. Filling process 

LBE was available in the shape of ingots (leftover stock from ICE II experiments, ~4x5x11.5 

cm3) that were hot-knifed by Scott Parker (LANL). LBE pieces are heated to ~200 °C in a raised 

electric melting pot (McMaster-Carr). The spout at the bottom allows draining of relatively precise 

quantities of molten LBE down to one droplet at a time, while slag rises to the top. The chamber 

can be filled in two different ways described in the next paragraph. Matt Chancey (LANL) filled 

the first several chambers at LANL. No Matts were harmed in this process. 

Filling is done in air, either through one of the sides of the flange or through a Swagelok 

adapter hole. For the first option, the chamber is fully assembled without the samples. A sacrificial 

steel foil serves as a base, so that filling can be done through the opening on the other side of the 

flange. Care must be taken to cover the knife edge, which was done with a 200x200 mesh AISI 

304 wire cloth disc (McMaster-Carr). A holder to prevent the chamber from tipping over (primarily 

for the version with the sapphire window because it extends beyond the bolt heads) was machined 

by Jeff Bickel (UCB). After the chamber is filled, a second steel foil is added, and the chamber is 

reheated on a hot plate (provided by Carl Cady (LANL)) to redistribute the LBE. This is necessary 

because the LBE’s high surface tension prevents filling of the chamber “to the brim” of the knife 

edge, which leaves a rather large air gap between the LBE and the sample that can lead to pre-

oxidation of the sample at the beginning of an experiment. This method is the easier of the two, 

but always slightly underfills the chamber and makes contaminating the knife edge with LBE a 

possibility. 

The other option is to fill the chamber through one of the TC holes. This requires assembling 

the chamber, including the TCs, which are bent towards their respective samples. Then, one of the 

TC Swagelok adapters is marked to ensure the correct orientation of the adapter and the TC is 

known. With the adapter removed, the chamber is closed on both sides with steel foils and heated. 

For filling, the threads can be covered to protect them, but this was found to be unnecessary 

because the LBE simply flows down into the chamber along the threads. While still hot, the 
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removed TC adapter and the TC are mounted on the chamber. Once frozen, the steel foils are then 

replaced with the samples. This method produces much fuller chambers but is slightly more 

complicated as the adapter must be mounted while the chamber is between 150 and 200 °C to 

ensure that the TC can rotate freely in the liquid LBE. Figure 17 illustrates why this extra effort 

was made: a) shows the fill level of a severely underfilled chamber and the significant amount of 

PbO production as a result of it. By contrast, no LBE oxidation is observed when chambers are 

filled properly as in Figure 17 b) and c). 

 

 
Figure 17 – a) Underfilled ICE III chamber after corrosion test. The presence of excessive amounts of air produced substantial 

amounts of PbO (yellow). LBE only remained metallic in the center where it was in good contact with the sample and air could 

not penetrate. b) and c) show properly filled chambers. Sometimes, air inclusions remain, but they should rise to the top once the 
LBE is molten again and have no impact on the experiment. 

 

4.2.4. Sample removal 

Removing the samples after the experiment is non-trivial. It is possible to cut the chamber in 

half, but then they cannot be reused. This would also require the use of a saw where Pb-cutting is 

allowed and has the potential to damage the sample during in process, e.g., by corroding it if cutting 

fluid is used, or overheating it in the absence of coolant. In some cases, especially after very short 

(up to 10 hours) experiments where the LBE has possibly not yet fully wetted the samples, they 

can easily be pulled off the frozen LBE with tweezers, but there is still a significant risk of 

damaging the samples by bending them. 

The most practical approach appears to be to heat up the chamber on a hot plate until the LBE 

is liquid again, so that Sample B can be removed as the LBE flows out of the chamber and Sample 

A can be gently removed with light pressure from the LBE-facing side. The tweezers inserted 

under Sample B (outside of the knife edge) lead to slight bending of the sample near the edge. In 

the worst case, Sample B may be irrecoverable. For Sample A, however, there may be a small 

mark on its outer edge, but the damage typically does not extend to the center where the beam spot 

is located. An attempt to make removal easier by leaving a tab on the samples that the tweezers 

can grab failed due to the imperfect sealing mentioned in Section 4.2.2.1. 

Heating of thechamber after the experiment may theoretically damage the samples, e.g., if 

they are heated to high enough temperatures and for long enough to oxidize significantly in air. 

However, since the melting point of LBE is low (123.5 °C), the chamber does not need to be heated 

much beyond that and the process is relatively quick (20-30 minutes), especially compared to the 

cool-down after the experiment (a few hours). No significant changes to the sample condition, e.g., 

due to annealing, are expected to occur. 
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4.2.5. Sample evaluation 

Obtaining proper cross sections of the samples after the experiment is quite difficult. When 

the samples are removed, some LBE is still stuck to the backside, which means that they would 

have to be cut by a coolant-free slow-speed saw where Pb-work is allowed. This was not readily 

available, but even if, sample polishing afterwards is still a challenge. Attempts were made to 

polish cross sections of uncorroded Fe foils in various configurations (cast in epoxy standalone, 

backed with Crystalbond (Ted Pella), sandwiched between steel shim), but the foils either tore if 

they were not backed by metal, or had heavily scratched surfaces because they were softer than 

the backing. Softer backing metals may prevent scratching but were not used in this work. 

An alternative is to cut the sample with a laser where Pb-work is allowed, which was attempted 

by Chai Peddeti (UCB). Unfortunately, the cutting parameters were not set properly, and the 

femtosecond laser vaporized the sample locally and redeposited a mix of the vaporized species on 

the sample surface. With properly set parameters, this technique should produce clean cuts in the 

sample, but given the limited availability of samples and the number of tunable parameters, this 

approach was not explored further. 

Ultimately, the most accessible solution was cutting with a plasma focused ion beam (PFIB, 

Helios Xe PFIB) in the Electron Microscope Laboratory (EML, LANL). Xe was used to mill 

samples, which produced rather well-polished surfaces at 1 μA current or lower over large areas. 

Cutting at the maximum available beam current of 2.5 μA appears to sputter the atoms in the 

cutting area so quickly that they cannot migrate away and are instead re-implanted into the sample. 

Cutting occurs at the standard FIB tilt angle of 52° and the created cross sections can then be 

analyzed in the SEM (FEI Apreo 1 SEM (EML, LANL)). 

However, all samples have a slight curvature to them, so they are not perfectly flat. Depending 

on the local curvature of the sample and the orientation of the FIB cut relative to it, the angle 

between the surface and the cross section, which is supposed to be 90°, is slightly different. As a 

result, tilt-corrected measurements, which assume a flat surface, do not give reliable values for the 

foil thickness. Therefore, three tilt angles of 15°, 30°, and 45° were used to estimate the apparent 

thickness of the relevant layer indirectly. Since all measurements 𝑑𝑚𝑒𝑎𝑠 at each angle measure the 

same distance in cross section 𝑑𝑙𝑎𝑦𝑒𝑟, these values are related according to 

 

𝑑𝑙𝑎𝑦𝑒𝑟 =
𝑑𝑚𝑒𝑎𝑠

cos (𝛼𝑟𝑒𝑚𝑎𝑝 − 𝛽𝑐𝑜𝑟𝑟)
 , 

 
where the real tilt angles of 15°, 30°, and 45° are mapped to 60°, 45°, and 30° (𝛼𝑟𝑒𝑚𝑎𝑝 ), 

respectively. This mapping results from the observation that the cross sections were typically still 

visible at 0° stage tilt and only disappeared around -15°, making this the “true” 90° angle of the 

cross section relative to the horizontal plane. The correction angle 𝛽𝑐𝑜𝑟𝑟 is a variable that changes 

for different locations on the sample and is optimized for each measurement, such that the three 

estimates of 𝑑𝑙𝑎𝑦𝑒𝑟 agree to within 1-2 μm at most. The agreement is quite good, especially given 

measurement uncertainties due to human error when attempting to recognize the same cross 

section at three different tilt angles and measuring its width exactly, which is especially difficult 

for shallow angles. 

 



 

41 

4.2.6. Oxygen sources 

Since the chamber is filled in air, the LBE is expected to be at saturation O concentration (see 

Figure 4). At 200 °C in air at 1 atm, the saturation concentration is ~10-7 wt% (see Figure 4). The 

average atmospheric pressure at LANL is 0.766 atm, which implies that the O saturation 

concentration is slightly lower. Regardless, at the target temperature of 450 °C, ~10-7 wt% is in 

the middle of the oxide-forming operational regime. A concentration above ~10-9 wt% dissolved 

O must be maintained for the entire duration of the experiment, i.e., up to 200 hours, to maintain 

an oxide-forming environment. Air is one source of O, both from the air-filled plenum above the 

LBE and small air bubbles that are inevitably left during filling that should rise to the plenum as 

the LBE melts. The second source is a Bi2O3 pellet (3x3x2 mm3, 99%, American Elements) that 

is added to the chamber before each experiment. It would be interesting to measure pellet 

consumption during an experiment, but unfortunately, a weight-loss measurement is not possible 

because of LBE adhesion. However, they do not significantly change shape during the experiment, 

so their consumption is likely limited. 

 

4.2.7. Heater 

The heater is a cylindrical ceramic fiber heater (either a 650 W, 120 V full cylinder or two 

450 W, 60 V half-shells, Watlow) that is mounted around the ICE chamber and heats it radiatively. 

The bare metal leads are electrically insulated with spark-resistant wrap-around sleeving (silicone-

rubber coated fiberglass, McMaster-Carr), which are temperature-resistant up to 260 °C. For 

optimal operation, the heater can be thermally insulated with a ceramic fiber blanket (Watlow), 

which can withstand temperatures up to 1260 °C. Other accessories to improve heating 

performance, such as black surface coating for the interior of the heater (Watlow), were kept in 

reserve to increase heating efficiency further if needed. During the experiment, a camera (C930e 

webcam, Logitech, connected to a Raspberry Pi 4 Model B with 4 GB RAM, element14) is 

mounted near the heater to monitor the inside of the shielding enclosure (see Section 4.2.11.2). 

The heater is operated manually through a variable transformer (model 3PN1010, Staco 

Energy Products Company) to maintain constant power output and promote temperature stability 

of the chamber. Attempts were made to control the heater with a controller (SDC120KC-A, 

BriskHeat) with feedback from chamber TCs or a TC in the heater. With the chamber TCs, the 

heater ramped up to extremely high temperatures rapidly (> 700 °C in 2 minutes) because of the 

thermal lag of the chamber and because a ramp rate cannot be set on this controller model. Using 

immediate feedback from the TC in the heater (also a sheathed K-type, Omega) produced a more 

stable ramp curve (aided by slowly increasing the set point manually) but led to cyclical behavior 

once the chamber was at temperature, especially if the TC control was then replaced with one of 

the chamber TCs due to the aforementioned lag. Since the beam needs to be monitored 

continuously regardless, direct manual control of the heater ended up being easiest. 

 

4.2.8. Temperature data 

Temperature data from the chamber TCs, TCA (irradiation-corrosion side) and TCB 

(corrosion-only side), as well as the heater TC, TCH, are recorded with a temperature data 

acquisition add-on (MCC 134 Thermocouple Measurement DAQ HAT, Measurement Computing 

Company) for the Raspberry Pi. For ramp up and cooldown, temperatures are typically recorded 

every second. Once the beam is on target and the chamber temperature is stable, intervals can be 

increased. The short intervals allow the immediate response of the chamber temperature to the 
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presence of the H+ beam to be captured (see Figure 18). This shows the start of Experiment 1 (Exp. 

1) when the beam is tuned and positioned on the sample, which is why the beam is turned on and 

off repeatedly. 

 

 
Figure 18 – Temperature data from the start of Exp 1. The chamber temperature (green triangles) is measured by TCA and 

responds immediately to the beam turning on or off independently of the heater temperature (blue circles). 

 

4.2.9. Beamline safety 

During the experiment, the vacuum in the accelerator is separated from the hot corrosive 

medium by the sample. Failure of the sample is therefore a concern because of several turbopumps 

between the beamline end station and the source and the potential for contamination of the end 

station with Pb. This section describes several steps taken to ensure the protection of the beamline 

in case of sample failure. 

 

4.2.9.1. Corrosion testing in vacuum setup 

Multiple long-term corrosion tests with LBE were performed at different temperatures on a 

separate vacuum setup. Early tests were performed at UCB to determine if a high vacuum could 

be held with samples in place. To protect the turbopump in this smaller setup, a 200x200 mesh 

AISI 304 wire cloth disc (McMaster-Carr) was cut to size and placed underneath the flange on the 

turbopump inlet. This reduced pump efficiency and affected the vacuum quality at room 

temperature (increase from 10-6 to 10-5 Pa range) but did not seem to have a significant effect once 

the chamber was at temperature. At that point, the vacuum is primarily affected by the outgassing 

of components close to the hot chamber and the chamber itself. At LANL, a similar vacuum setup 

was replicated in the newly established Pb area. Corrosion tests with the current chamber design 

were performed for up to 200 hours (450 °C, Cu gaskets) and both samples remained intact. 

 

4.2.9.2. Fast-acting valve 

While corrosion-only experiments without beam are valuable, previous experience with a 

similar irradiation-corrosion experiment at LANL with pure Ni and molten NaCl-CeCl3 had shown 

that excessive beam heating can lead to sudden sample failure regardless (176). For this previous 

iteration of ICE, a fast-acting straight through vacuum valve (model VS2F, NEC) was installed on 
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the beamline, which is triggered when the vacuum reaches a set threshold. For the first ICE III 

experiment, this valve was re-armed. As will be described in Section 4.4.2, this turned out to be 

unnecessary because, even though Sample A ended up failing after almost 60 hours, the slower 

acting valves on the beamline successfully closed protected it. Since there was no apparent damage 

to any parts of the beamline, the fast-acting valve was not used for subsequent experiments. 

 

4.2.10. Proton beam 

4.2.10.1. Beam production 

The H+ beam is produced by a SNICS (source of negative ions by Cs sputtering, NEC, see 

(177)) with a Ti-hydride cathode. H- ions are accelerated towards the center of the 3 MV NEC 

Tandem accelerator, where N stripping gas strips the electrons off to produce H+ ions that are then 

accelerated further towards the end station. For ICE III, a defocused beam with currents up to 3 

µA on an area of up to 3x3 mm2 is used. The beam energy is set to 4 MeV to strike the balance 

between radioisotope production (lower energy equals less activation; see Section 4.2.11.1) and 

experiment duration (thicker samples equal longer experiments and higher possible dpa), while 

also maintaining consistent defect production at the metal-liquid interface, even if the corrosion 

front moves over time (see Figure 19). The initial beam setup for all experiments discussed in this 

dissertation was performed by Matt Chancey (LANL). 

 

 
Figure 19 – Dose profile (green squares) and proton energy (solid blue line) for 4 MeV protons passing through 50 μm of Fe, 

adapted from (178). Vacancies shown to be created in the liquid LBE only serve as an indication of theoretical Bragg peak 

location. 

 

4.2.10.2. Beam spot location 

At the beginning of the experiment, the beam spot must be positioned on the sample, ideally 

in the center. The chamber is recessed, so the surface of Sample A is only barely visible from the 

main viewport on the beamline end station and attaching scintillator material to it is not possible. 

Instead, double-sided Cu tape is taped across a larger DN100CF adapter flange to create a “K-

shape”, where the wide angle of the K is centered on the sample. Pieces of alumina scintillator are 
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attached to the tape around the opening. A camera is mounted on the viewport and connected to 

the Raspberry Pi to monitor the beam spot position during the experiment. 

 

4.2.10.3. Beam monitoring 

The beam current is periodically measured (every 30-60 minutes) with a Faraday cup in the 

end station, which gives accurate values for the current regime (few µA) the experiments operate 

in. Data points are recorded manually as well as with the help of a Python script that writes Faraday 

cup readings to file every 5 s. When the Faraday cup is not inserted, spurious currents produce 

readings in the range of 1e-10 A, which are considered “no current”. Unfortunately, the valid data 

points are scarce compared to how quickly and how drastically the beam current can change. The 

reported total dose of all experiments is based on linear interpolations of the beam current between 

readings, which is standard practice for other irradiations. Since the beam needs to be monitored 

continuously and because the experiment cannot be interrupted, longer experiments require 

overnight shifts. Daytime monitoring for the experiments was supported by Matt Chancey (LANL), 

Hyosim Kim (LANL), and Yong Wang (LANL). 

An indirect measure of beam current can sometimes be deduced from the total number of 

counts or the number of counts for certain peaks in the x-ray spectrum recorded by the x-ray 

detector (see Section 4.3.2 for more detail). However, unlike regular metal irradiation targets, 

whose composition does not change significantly over the course of the irradiation, the Fe samples 

in ICE III undergo significant mass losses (see Section 4.4.3). Due to the lower x-ray energies of 

Fe K-series x-rays (~6-7 keV, see Appendix 8.4) compared to Pb and Bi L-series x-rays (~12-13 

keV), the “missing” Fe x-rays are replaced by disproportionately more Pb and Bi x-rays, because 

they are attenuated less (see Section 4.3.1). Therefore, the total number of x-rays in the spectrum 

cannot directly be used as a measure of current (see Appendix 8.4). Another option is to monitor 

the counts of a single constant peak, such as Al (scintillator, absorber) or Cu (tape), but even these 

are unreliable due to slight changes in beam spot location and a rise in detector temperature over 

the course of the experiment, which results in an increase of thermal noise. 

The beam shape is monitored qualitatively with a beam position monitor (BPM). The goal is 

to maintain a defocused beam with a homogeneous proton distribution across the entire 3x3 mm2 

beam spot. Perfect homogeneity is difficult to realize without rastering the beam, which would 

drastically reduce the current and therefore the deliverable dose. Because of this tradeoff, the 

defocused beam delivers a slightly higher dose to the center of the beam spot. Overall, however, 

the exposure difference between the center and the outer edges is assumed to be small. 

 

4.2.10.4. Vacuum monitoring 

A high-vacuum ion gauge in the end station is read out continuously by the NEC control 

software for the Tandem accelerator. Command line tools were used to save vacuum data every 

60 s. The intent is to monitor the vacuum quality overall and to detect slow leaks in the end station 

due to the experiment. Ideally, the vacuum should improve over the course of the experiment as a 

larger surface area of the end station heats up and is baked out (see, e.g., Figure 20). Extended 

beam retuning events tend to temporarily increase the pressure by almost an order of magnitude 

because the Faraday cup heats up and outgasses. Figure 20 also shows brief decreases in pressure 

when the cup is first inserted, which reflects the removal of the beam from the target, while the 

Faraday cup is still cold. 
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Figure 20 – Vacuum readings (blue circles, here from Exp. 3) in the beamline end station generally improve over the course of an 

ICE III experiment. The insertion of the Faraday cup for extended periods of time –typically for retuning (clusters of green 

squares) – leads to sudden increases in pressure. 

 

4.2.11. Radiation safety 

Radiation safety is an important aspect of irradiation experiments. This includes 

understanding of the types and quantities of isotopes likely to be produced, which should inform 

radiation shielding materials choices to protect operators during the experiment as well as handling 

procedures for the target after the experiment. 

 

4.2.11.1. Radioisotope production 

The target is made of 99.99% pure Fe with an assumed natural isotopic composition of 91.75% 
56Fe, 5.85% 54Fe, 2.12% 57Fe, 0.28% 58Fe, and trace amounts of 60Fe. All major isotopes are stable. 

Noteworthy reactions with 4 MeV protons include: 

 

𝐹𝑒54 (𝑝, 𝛾) 𝐶𝑜55 , 𝑄 = 5064.07 𝑘𝑒𝑉, 𝜎 ≤ 2 𝑚𝑏𝑎𝑟𝑛 

𝐹𝑒56 (𝑝, 𝛾) 𝐶𝑜57 , 𝑄 = 6027.77 𝑘𝑒𝑉, 𝜎 = ~0.5 𝑚𝑏𝑎𝑟𝑛 

𝐹𝑒57 (𝑝, 𝑛) 𝐶𝑜57 , 𝑄 = −1618.25 𝑘𝑒𝑉, 𝜎 < 250 𝑚𝑏𝑎𝑟𝑛 

𝐹𝑒58 (𝑝, 𝑛) 𝐶𝑜58 , 𝑄 = −3089.85 𝑘𝑒𝑉, 𝜎 = ~100 𝑚𝑏𝑎𝑟𝑛 

 

Natural Pb consists of 52.4% 208Pb, 24.1% 206Pb, 22.1% 207Pb, and 1.4% 204Pb, all of which 

are stable. 205Pb and 209-214Pb are only present in trace amounts. Bi consists almost entirely of 209Bi 

(100%, with trace amounts of 210Bi), which is very long-lived with a half-life of 2.01x1019 years. 

Hypothetically, there are a few reactions that 4 MeV protons can undergo with some of the listed 

LBE constituents that could produce radioactive isotopes of Tl, Pb, Bi, or Po. However, given that 

the protons must pass through 50 µm of Fe, their energy will be reduced to 1 MeV as shown in 
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Figure 19. Even towards the end of the experiment, when the foil is ~30 µm thick (see Section 

4.4.4), the proton energy is reduced to ~2.5 MeV. If the foil breaks, the experiment ends with the 

automatic valves along the beamline closing within seconds, so there is not enough time to produce 

substantial amounts of any of these isotopes. Based on the reactions listed above, a mixed radiation 

field of gamma rays and some neutrons will be produced during the experiment. 

 

4.2.11.2. Shielding 

The L15 end station (at a 15° angle with the beam path) is surrounded by a shielding enclosure 

made of double walls of low-Z polyethylene sheets (~5 cm thick). It has a door that can be pulled 

back to access the end station and a window that allows for easy access from the side. The window 

only has one regular polyethylene sheet and a thinner outer sheet of borated polyethylene. This 

makes it lighter, which puts less stress on the hinges while remaining an effective neutron shield. 

The original enclosure was built for the previous ICE iterations, but it had to be expanded for ICE 

III because beamline modifications in the meantime had moved the end station too close to the 

enclosure door to safely operate the heater. To that end, additional double-walled side panels were 

cut from the remaining polyethylene stock and screwed onto the existing panels with wood screws, 

which created an additional 30 cm of space between the door and L15. γ-ray shielding is achieved 

by hanging Pb-filled bags from the sides of the enclosure. During the experiment, mobile photon 

and neutron detectors are used to monitor operator exposure at the control panel. 

 

4.2.11.3. Residual radioactivity 

The radioisotopes mentioned in Section 4.2.11.1 render a pure Fe sample with an estimated 

activity of ~1.76 μCi after 200 hours of irradiation, which is the maximum duration originally 

planned for. Most of this initial activity is due to the decay of 55Co, which has a half-life of 17.53 

hrs. Once it has decayed away, the activity is dominated by 57Co (t1/2 = 271.74 days) with 

contributions from 58Co (t1/2 = 70.86 days), which is present in smaller quantities. The samples are 

stored in a radioactive sample cabinet until they have lost most of this radioactivity (at most ~5 

months). 

 

4.3. In situ monitoring of corrosion under irradiation with particle-induced x-ray 

emission (PIXE) spectroscopy 

In situ monitoring techniques can provide information about a process continuously, as 

opposed to the snapshots obtained by only analyzing samples after an experiment. Unfortunately, 

few irradiation-corrosion studies (e.g., (165)) have used such methods because the experimental 

design becomes inherently more difficult and, in some cases, the interpretation of the results can 

be complicated by the presence of the ion beam. However, the ion beam can also produce useful 

signals as a side effect: High energy ions create displacement damage that also ionize lattice atoms 

as they travel through the material. The excitation of inner shell electrons leads to the production 

of characteristic x-rays, which are used in PIXE to characterize the elemental composition of thin 

specimens in fields such as geology, archaeology, and environmental science (179–181). Here, 

PIXE was used to continuously monitor the behavior of a sample under simultaneous irradiation 

and corrosion over time. 
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4.3.1. Considerations for corrosion monitoring 

PIXE is normally used to analyze thin samples that minimally slow down the light ions, such 

as protons and α particles, passing through. This allows for flexible detector placement (at a 

shallow angle with the beam axis in front or behind the sample) and it can be assumed that emitted 

x-rays are not attenuated by the sample. Typical PIXE energies for protons are 2-5 MeV (181). At 

lower energies, the ionization cross sections of target elements decrease drastically, while at higher 

energies, the spectrum will increasingly be dominated by nuclear reaction products (181). The 

measurable sample composition is averaged over the size of the beam spot. Highly focused 

microbeams can be used for 2D mapping of samples with lateral changes in composition (micro-

PIXE, see, e.g., (182)). The production rate of x-rays 𝑌 in a thin sample can be described as follows: 

 

𝑌 = 𝜙 ∗ 𝑁 ∗ 𝜎 ∗ 𝜔 , 
 

with the ion current 𝜙, the areal number density of target atoms 𝑁, the ionization cross section 𝜎, 

and the fluoresence yield for a specific shell 𝜔. Measuring 𝑌 provides a quantitative measurement 

of sample composition once the detection efficiency is considered, except for special cases where 

the proximity of two elements A and B with similar x-ray energies (~1 keV apart) leads to the 

absorption of A’s higher energy x-rays by B and subsequent emission of B x-rays (183). This 

results in an overrepresentation of B atoms and an underrepresentation of A atoms that must be 

corrected for. 

PIXE has also been adapted for thick samples (184). In this case, the energy dependence of 𝜎 

must be considered as the ion loses energy with depth. In addition, the attenuation of x-rays emitted 

from deeper layers in the sample must be accounted for. In general, higher-energy x-rays are 

attenuated less, unless their energy is directly above an absorption edge. In the case of ICE III, the 

relevant depth for PIXE is the entire thickness of the sample and ideally a small distance into the 

corrosive medium, so that the metal-liquid interface can be probed. As shown in Figure 19, 4 MeV 

H+ passing through 50 µm of Fe still have about 1 MeV of energy to generate x-rays in the 

corrosive medium. 

Attenuation by the sample limits the usefulness of this technique to liquids with higher Z and 

thinner samples. For example, H2O cannot be monitored this way unless the sample is extremely 

thin and the detector sensitive enough to measure O K-series x-rays (0.525 keV). For heavier 

elements, such as Pb and Bi, a substantial number of L-series x-rays will pass through 50 µm of 

Fe. Alternatively, the sample can be monitored using only its own x-rays, i.e., without a 

contribution from the corrosive medium. However, this requires monitoring of the beam current 

with the help of a consistent spectral peak. 

 

4.3.2. X-ray detector 

A high-count-rate (106 counts per second (cps) (185)) silicon-drift detector (SDD, here, an 

Amptek FastSDD®) was used for these experiments. The Si wafer is 500 µm thick with an active 

area of 25 mm2 that is located behind a 12 µm thick Be window. The operational energy range of 

detectable photons is ~0.9 keV to ~33 keV. These limits are based on an arbitrary cutoff at 10% 

of the detector’s intrinsic efficiency, which is shown in Figure 5 of (185). In practice, the lower 

limit also corresponds to the lower limit set by thermal noise (and therefore the slow threshold) 

during high-temperature experiments. Under ideal conditions, the SDD’s resolution at a peaking 
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time of 1 µs is 126 eV full width at half maximum (FWHM) for Mn-55 (185). This was tested 

periodically between experiments with an Fe-55 source. 

The SDD is mounted on an Al heat sink with ultra-high-vacuum compatible readout cables. 

A 15-Pin D feedthrough connects it to an Amptek SDC-915 preamplifier, which is connected to 

an Amptek PX5 digital pulse processor unit. Amptek’s DPPMCA software is used to communicate 

with the PX5. The PX5 settings had to be adjusted for the high-count-rate environment expected 

for ICE III and some of the relevant parameters are shown in Table 6. With these settings, the 

channel width is ~12 eV for 2048 channels. The complete list of settings for the different 

experiments discussed in this work is shown in Table 12 in Appendix 8.6. 

 
Table 6 – Relevant detector settings for ICE III PIXE. 

Gains Total gain 14.979 

 Fine gain 1.028 

Shaping parameters Peaking time 0.8 µs 

 Fast channel peaking time 800 ns 

 Flat top width 0.2 µs 

 Slow threshold 2.5% 

 Fast threshold 27 channels 

Other settings Reset lockout 102 µs 

 Temperature 265-275 K 

 FPGA clock time 80 MHz 

 

The Al heat sink is mounted on a flexible holder (see Figure 21) to allow shallow detector 

angles with respect to the beam. The original assembly was made of stainless steel that lacked 

active cooling. During the experiments, this proved to be insufficient as heat buildup within the 

detector pushed its operating temperature from an ideal range of 220-230 K to up to 280 K. This 

made active cooling necessary, which has been installed in the form of a chiller (Isotemp 3013, 

FisherScientific) that recirculates cold water through a tube wrapped around the outside of the 

flange holding the detector mount. To improve heat transfer between the detector and the flange, 

the steel holder parts were replaced with almost identical Al parts with additional space to mount 

a Rutherford backscattering spectroscopy (RBS) detector in addition to the SDD (see Figure 21). 

The detector is mounted ~30 cm away from the sample surface at an angle of ~6° with the 

beam. This ensures that the detector has the beam spot in its field of view. Since 4 MeV protons 

will produce a significant number of x-rays, it is important to estimate how many x-rays will be 

produced per second and if this is within the count rate range of the detector (1 Mcps). 

Generally, lower count rates are desirable because they reduce pileup for large peaks, such as 

the Fe peak, and improve peak resolution. To achieve this, the detector can be moved further away 

from the source to cover a smaller solid angle, which is not possible in this case due to space 

constraints, or an absorber may be placed in front of it to attenuate some of the photons. The 

absorber thickness must be chosen as a compromise between detector pileup and attenuation of 

(initially) low-intensity peaks from the corrosive medium that are attenuated by both the sample 

and the absorber. Alternatively, reducing the beam current would lower the count rate, but also 

decrease the dpa delivered to the sample. 

The details of the following calculation are shown in Appendix 8.7.1. The estimate shows that 

a maximum of about 2.03×1012 x-rays per second will be produced by a 3 µA current of 4 MeV 

protons incident on pure Fe. Note that this calculation does not consider energy loss of the protons 

or x-ray attenuation in the sample and is therefore likely an overestimate. 
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Figure 21 – a) Assembly drawing of a newer version of the detector holder that has additional space for an RBS detector. The 

circular arrows indicate rotatable parts, and the curved arrows show how much the detectors can swivel, so that their line of sight 

(dashed black line for the SDD) is as parallel to the beam as possible. b) Photo of the original steel holder with the SDD mounted 

from the perspective of the ICE III chamber. 

 

Since the detector is 30 cm away and has a surface area of 25 mm2, the geometric efficiency 

𝜖𝑔𝑒𝑜𝑚 is roughly 2.21×10-5 (see Appendix 8.7.2). While this is a substantial reduction, this would 

still mean that the detector is exposed to 10 Mcps, which it is not designed for. Additionally, while 

the Fe K x-rays are expected to be the largest contributor, there will be other x-rays in the spectrum 

that will add to the total x-ray count. Therefore, some form of attenuation is needed, which is added 

in the form of a stack of Al foils held by the detector cap. 

With 240 µm of Al (𝜖𝐴𝑙: 5.69×10-4) and 12 µm of Be (𝜖𝐵𝑒: 0.994), the x-ray source term is 

reduced significantly: 

 

𝜖 = 𝜖𝑔𝑒𝑜𝑚 ∗ 𝜖𝐵𝑒 ∗ 𝜖𝐴𝑙 ∗ 𝜖det = 1.01 ∗ 10
−8 ∗  𝜖det , 

 
where 𝜖det  is a catch-all for other relevant factors, such as the intrinsic detector efficiency, 

electronic losses, and attenuation contributions of the polymer cap holding the Al foils. Note that 

𝜖𝐴𝑙  is given for 6 keV photons here as an example (see Appendix 8.7.4). 

To test the detector at high count rates with the chosen absorber thickness, a 3.3 µA 1.5 MeV 

proton beam was used to irradiate 5x3 mm2 of pure Fe (99.99%, GoodFellow). Over the course of 

two minutes, 41000 x-rays were counted, which corresponds to 342 x-rays/s. A source term 

estimate similar to the one for 4 MeV protons gave a theoretical yield of 9.56×1010 x-rays/s 

produced in the sample (see Appendix 8.7.3). This means that the experimental efficiency is 

 

𝜖exp =
342

9.56 ∗ 1010
=  3.58 ∗ 10−9 , 

 
which is only an order of magnitude lower than the estimate above. This is likely due to 

inaccuracies in the calculation, as mentioned previously, and there may be a small contribution 

from 𝜖det. Overall, an agreement between the theoretical and the experimental estimate within an 

order of magnitude is quite reasonable and supports the choice of absorber thickness. One thing to 

note is that the presence of such an absorber preferentially filters x-rays of lower energies, which 

hardens the x-ray spectrum. 
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During actual ICE III experiments, count rates between 104 and 106 counts per second have 

been recorded for up to 3 µA of 4 MeV protons incident on pure Fe. A new spectrum is recorded 

every 5 s to allow for the removal of spurious x-rays and noise, which are recorded during current 

measurement and beam retuning events. This acquisition time does not exactly correspond to real 

time that has passed, which is typically closer to 6 s. This difference is due to interruptions in data 

collection, e.g., during data transfer (see (186) and Appendix 8.8 for more detail). The collection 

times referred to in this text are the constant acquisition times of the spectra. 

 

4.3.3. Calibration curve 

During the first experiment, PIXE data showed a reduction in sample thickness (see Section 

4.4.2). Even though it was not clear yet if corrosion was uniform or localized, the hope was that 

PIXE could be used to estimate the sample’s thickness continuously throughout the experiment. 

To establish a simple connection between the PIXE signal and the thickness, a standard was needed. 

The alternative is to model the spectra with assumed Fe and LBE distributions, which would 

require additional microscopy information. 

Most of the content of this section has been published in (178). For the standard, a fixture was 

designed that can hold a solid LBE tablet and Fe foils (see Figure 22 c)). The tablet was produced 

by filling the center hole of the base flange with liquid LBE and pressing it flat with a stamp 

matching the hole diameter. 5 and 10 μm thick Fe foils (99.85%, Goodfellow) are stacked on the 

tablet to achieve different Fe thicknesses. The tablet is not heated during the irradiation to reduce 

the time between measurements. This means that the slightly higher density of LBE at room 

temperature compared to LBE at 450 °C will lead to a slight overrepresentation of PbBi x-rays in 

the calibration curve derived from the standard. Additionally, the narrower opening of the holder 

generates a larger steel background in the spectra than is present during an ICE run. 

 

 
Figure 22 – Calibration curve standard fixture. a) and b) show the LBE tablet before and after the measurements for Experiment 

2. c) shows the individual Fe foils on the left and the holder that screws into the DN16CF base flange. Adapted from (178). 
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To reduce systematic bias between experiments, e.g., due to detector position, a calibration 

curve needs to be produced for each experiment individually. Each measurement takes about 45 

minutes (mounting / unmounting, vacuum venting and pumping, irradiation), so a curve with 5 μm 

steps from 5 to 50 μm and one at 70 μm (noise, see next paragraph) can be produced within a 

workday. Measurements were done with 4 MeV protons, but at lower currents than in the regular 

experiment (1-2 μA as opposed to 3 μA) and with a smaller beam spot size (2x2 mm2 vs. 3x3 mm2) 

to reduce the activation of the foils and the LBE. As in the actual experiment, spectra were 

collected every 5 s.  

The largest peaks present in the spectra from Experiments 2 (Exp. 2) and 3 (Exp. 3) are the 

FeKα peak for Fe and the BiLβ peak for LBE. The ratios between the x-ray counts in these peaks 

are used in the calibration curve (see Figure 23 and Figure 24). Taking the ratio of two peaks in 

the spectrum removes the impact of proton current variations (assuming that the dead time is 

sufficiently small and that the current is not so high that pile-up is non-negligible). The FeKα-BiLα 

curve for Exp. 2 is also shown for the interpretation of Exp. 1 (see Section 4.4.2). The stack 

thickness is first increased in 10 μm steps starting from 5 μm (blue and yellow circles) and then 

decreased starting from 45 μm (green and red squares). This is done to ensure that there are no 

changes in the PIXE signal due to accumulated beam-induced damage to the LBE tablet (see the 

holes introduced by local vaporization of the LBE tablet after all measurements for Exp. 2 in Figure 

22 b)). For Exp. 3, the calibration curve is established similarly. In addition to the curves, there is 

also a group of measurements with a 70 μm thick stack (black triangles). This is too thick for 4 

MeV protons to pass through, and so the “ratio” of Fe to counts in the Bi x-ray bins constitutes a 

background measurement. The FeKα-BiLβ ratio at 50 μm is clearly distinct from background, which 

is impressive considering that the channel with the most counts in the BiLβ peak contains less than 

10 counts for a 5 s interval. In comparison, background noise generates 0-2 counts per channel in 

the same amount of time. 

 

 
Figure 23 – Semi log plot of calibration curves for Exp. 2 (adapted from (178)). Each data point corresponds to a 5 s long 

spectrum and ratios were obtained with the 3-channel method (see Section 4.3.4). The trendlines are based on all data points 

excluding background at 70 μm. 
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Figure 24 – Semi log plot of the calibration curve for Exp. 3. Each data point corresponds to a 5 s long spectrum and ratios were 

obtained by Gaussian peak fitting (see Section 4.3.4). Spectra were taken in 10 μm increments from 5 μm to 45 μm, followed by 
background (70 μm), and another series of 10 μm increments from 10 μm to 50 μm. The trendline is based on all data points 

excluding background at 70 μm. 

 

4.3.4. Data processing 

During ICE runs, the beam is taken off the sample frequently during beam tuning and when 

the current is measured. The insertion of the Faraday cup creates stray x-rays, so any spectra taken 

at this time contain erroneous data. These spectra have significantly fewer total counts because of 

shielding from the Faraday cup, so any spectrum with fewer total counts below a set threshold is 

discarded. However, this threshold should be set carefully to account for beam current variations 

over time. 

Because of the low background (see previous section), spectra are processed directly without 

background correction. Initially, only counts in the three center channels of each peak were 

considered to reduce the impact of overlapping peaks (see (178)). Peaks are typically much broader 

(~30 channels), and so later, Gaussian functions of the following form were fitted to the peaks: 

 

𝑓(𝑥) = 𝑎 ∗ exp (−
(𝑥 − 𝑏)2

2𝑐2
) , 

 
where 𝑎 corresponds to the amplitude, 𝑏 to the peak center, and 𝑐 to the peak width. The values 

are bounded between 0 and positive infinity and fitted with the lsqcurvefit function in MATLAB 

R2018b. Initial guesses for each variable are obtained by evaluating the sum of all spectra for a 

given data set. Despite this, the results of Gaussian fitting tend to vary significantly early on in the 

experiment because error minimization for peaks as small as the PbBi peaks can lead to a variety 

of different solutions, which affects the spread of the calculated Bi-Fe ratios. 
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The difference between the calibration curve Bi-Fe peak ratios produced by both methods is 

shown in Figure 25. For the same data, fitting Gaussians to the peaks and forming ratios with the 

area under the respective curves leads to a right-shift compared to ratios calculated based on the 

three center channels of each peak. Between the two experiments, there is reasonable agreement, 

but a difference is visible and becomes larger as the Fe foil stack becomes thicker. This is likely 

due to slight differences in detector positioning between the two experiments. 

 

 

Figure 25 – Comparison of Bi Lβ – Fe Kα calibration curves for Exp. 2 (black lines) and 3 (grey lines) calculated with the 3-

channel method (dashed lines) and with fitted Gaussian curves (dotted lines). 

 

4.3.5. Alternative corrosion monitoring techniques 

Several other in-situ techniques could complement or replace PIXE for the purpose of 

corrosion monitoring, such as Rutherford backscattering spectroscopy (RBS), particle-induced 

gamma emission spectroscopy (PIGE), and electrochemical methods. The latter require the 

addition of electrodes to the chamber, which is briefly discussed in Section 4.5.1. 

 

4.3.5.1. Rutherford backscattering spectroscopy (RBS) 

RBS measures the number and energy of light ions – typically α particles, but protons may be 

used as well – backscattered from the sample and is commonly used in conjunction with PIXE 

(see, e.g., (187, 188)). This information is used to estimate a sample’s composition and porosity, 

as well as the thickness of layers in layered samples (187). In the case of ICE III, RBS could 

provide an additional surveillance tool for the sample and possibly produce a measure of oxide 

layer thickness. It could also provide information about the distribution of low Z coolants that 

PIXE is not sensitive to because of their low x-ray energies. RBS was not used for the experiments 

presented here, but preparations for adding an RBS detector for future experiments are underway. 
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4.3.5.2. Particle-induced γ emission spectroscopy (PIGE) 

PIGE is the γ-ray equivalent of PIXE. It is sensitive to specific isotopes that undergo γ-

producing nuclear reactions under ionizing radiation, which can make the resulting spectra 

challenging to interpret, but extremely useful in special cases (189). For example, it could be used 

for ICE III with a molten salt as the corrosive medium that contains one the following isotopes: 
19F, 23N, 24Mg, or 26Mg (based on a list of relevant isotopes in (189) and known (p,p’γ) reactions 

with 1 MeV protons listed in (190)). At higher energies, other reactions, such as the (p,p’γ) reaction 

for 35Cl open up, but sample activation would also be increased (see Section 4.5.1.3). Currently, 

there are no plans to add a detector for PIGE, but it may be considered in the future. 

 

4.4. Irradiation-Corrosion Experiment III operation and results 

Figure 26 gives an overview of the experimental duration and dpa achieved for three 

irradiation-corrosion experiments (Exp. 1, 2, and 3) conducted during this work. Table 7 shows 

the experimental parameters in more detail. In this section, the general experimental conditions 

will be discussed, followed by a brief description of each experiment, temperatures measured, in 

situ PIXE results, and post-irradiation analysis. The results and their implications will be discussed 

at the end. 

 

 
Figure 26 – Theoretically achieved dpa vs. total experiment time for the three experiments discussed in this section. The photos 

show the samples after the experiment. Photos for Exp. 1 and Exp. 2 are adapted from (178). 

 
Table 7 – Experimental parameters for Exp. 1-3. 

 Exp. 1 Exp. 2 Exp. 3 

Target temperature [°C] 450 

Beam energy [MeV] 4 

Beam current [μA] Up to 3 

Beam area [mm2] ~3x3 

Total experiment time [hrs] 56 22 42 

Fluence [ions/cm2] 3.09E19 1.24E19 2.72E19 

Exposure [dpa] ~1.5 ~0.6 ~1.3 
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4.4.1. Experimental conditions 

Since the purpose of these experiments is to determine the interplay of irradiation and 

corrosion, it is important to ensure that both processes occur at relevant rates. Below 400-450 °C, 

corrosion of steels in static LBE will occur but at slow rates. Above 450 °C, both oxidation and 

dissolution rates in steels are drastically increased (see Figs. 3.26 and 3.28 in (51)). Since Fe 

corrodes much faster in comparison, an experiment temperature at or below 450 °C is desirable to 

ensure that measurable corrosion will occur without immediate sample failure. Corrosion testing 

revealed that 50 μm thick pure Fe foils can last up to 200 hours and possibly longer in the ICE III 

chamber at 450 °C without breaking. 

On the radiation damage side, very high temperatures are undesirable because radiation 

damage will anneal at increased rates. At lower temperatures, radiation effects manifest more 

obviously, e.g., below 425-450 °C, irradiation hardening occurs in F/M steels (55). To strike a 

balance between the corrosion and radiation-induced processes, the experiments are run at 450 °C. 

The beam current was set to 3 μA on a 3x3 mm2 area, which is roughly the maximum achievable 

stable current for 4 MeV protons on the IBML Tandem accelerator to guarantee a significant 

amount of radiation damage being imparted on the sample. The reasons for choosing 4 MeV for 

the beam energy are discussed in Section 4.2.1.2. 

Reaching the target temperature of 450 °C takes a few hours. An experiment officially begins 

once both chamber TCs have reached 450 °C. Without beam on target, TCB typically reads slightly 

higher temperatures because it is located deeper in the heater, while TCA is closer to the end station, 

which has a lot of thermal mass. Once the beam is on target, TCA reads ~10-20 °C more than TCB. 

The heater is then turned down, so that TCA reads ~450 °C with the beam on. Whenever the beam 

current drops and leads to a decrease in temperature, it is adjusted back to ~3 μA. The heater 

temperature must be adjusted periodically as the end station heats up. 

 

4.4.2. Experiment 1 

The purpose of Exp. 1 was to determine how long ICE III with 50 μm of pure Fe could run 

with beam on target. Much of what is presented in this section is covered in (178). As mentioned 

previously, under corrosion-only conditions, the samples did not break even after 200 hours at 

450 °C. With the proton beam, however, Sample 1A failed after ~60 hours and 1.5 dpa. The result 

was an immediate drop in vacuum, at which point the automatic valves along the beam line closed. 

The only manual turbopump valve is in the end station and was also closed immediately. For 

unclear reasons, the fast-acting valve did not close even though it had been tested successfully and 

re-armed for this experiment. One possible reason is that the battery needed to activate the valve 

was depleted during testing. Regardless, since the regular automatic beamline valves successfully 

protected the pumps higher up the beamline, the fast-acting valve was not used again. 

Figure 27 shows the aftermath of Exp. 1. Some of the LBE had escaped and solidified a few 

cm away from the chamber. The largest LBE droplet showed black impurities arranged in a flow 

pattern, which were originally thought to be corrosion products from the experiment. Energy 

dispersive x-ray spectroscopy (EDS) analysis in the SEM showed, however, that the highly 

symmetrical crystals are primarily pure Cu and occasionally a Cu-Al alloy. Cu was likely picked 

up by the LBE flowing over the Cu tape and the Cu gaskets. It is less clear where the Al originated 

from, but it is possible that it is present as an impurity in the Cu tape. The tape near the chamber 

was intended to help guide the beam with the Cu x-ray signal, which did not work well because 

Cu is also present in the beam-guiding “K shape” mentioned in Section 4.2.10.2. In addition, 

heating up Cu tape this close to Sample A during the experiment likely leads to a significant 
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amount of outgassing that may oxidize the sample from the vacuum side. Because of these 

considerations, no tape was used near the ICE chamber in subsequent experiments. 

Exp. 1 was a test in several other ways: Unlike later experiments, it had only one TC in the 

chamber, which recorded a temperature increase of ~30 °C within seconds of the beam hitting the 

target (see Figure 18). Furthermore, the recorded x-ray data is rather spotty. The original intent of 

the SDD was not to do PIXE, but to monitor the beam current, which turned out not to be possible 

in a straightforward manner (see Section 4.2.10.3). The gain was unintentionally set too high, so 

that only Pb and Bi Lα x-rays could be recorded. Also, only one spectrum was going to be collected 

for the entire duration of the experiment, as opposed to the 5 s intervals used in later experiments. 

However, after ~17 hours of collection, the channels in the center of the FeKα peak, which is the 

largest in the spectrum, reached an integer overflow condition. This occurs at 224 = 16.78𝐸6 

counts because the PX5 digital pulse processor allocates 3 bytes per channel according to the 

Amptek manual (191). To restore the total number of x-rays, this number can simply be added 

after the experiment as many times as certain channels reset. However, not only is it tedious to 

keep track of which channels have reset and how often, but the reset channels also interfered with 

the dead time estimates produced by the software. To avoid this issue, the spectrum was 

subsequently restarted every few hours. 

 

 
Figure 27 – Photos of LBE escaped from the chamber (a) and d)) and SEM images (b), c), and e)) of Cu crystals (dark grey) 

grown in the largest escaped LBE (light grey) droplet (d)). 

 

Despite how irregularly the spectra were taken, they contained plenty of useful information. 

Figure 28 shows an overlay of normalized spectra taken after 6, 28, 36, and 52 hours. Their 

respective dead times are 14.47%, 30.45%, 27.55%, and 35.79%. In the low energy range, more 

thermal noise is observed as the end station and the detector heat up. The Fe and Feescape peaks 

decrease slightly (note that this is a log-scale) and there is a clear and dramatic increase in Ni, Pb, 

and Bi peaks. Ni is often present as a background peak because all flanges and the end station itself 

are made from stainless steel. However, the only steel component that may be directly in the beam 

path is the TC sheath. Together with the increase in counts from the LBE, this indicates that the 
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foil is thinning out, which is sensible, given that it ruptured after 52 hours of irradiation (56 hours 

total experiment time). 

For later experiments, there is a calibration curve that links Fe foil thicknesses to PIXE 

measurements (see Section 4.3.3). For Exp. 1, this had not been done, and so an attempt was made 

to estimate the thickness of Sample 1A based on the calibration curve for Exp. 2 (see Figure 29). 

Figure 29 a) shows ratios between the sum of PbLα and BiLα x-ray counts and FeKα counts, which 

were recorded by hand. The different sets correspond to the different cumulative x-ray spectra they 

were extracted from. Since the ratios are cumulative, each spectrum reset introduces a 

discontinuity. 

In Figure 29 b), an estimate of the sample’s thickness is given based on the comparison of the 

extracted BiLα–FeKα ratio from Exp. 1 and the calibration curve from Exp. 2. The dotted lines are 

a direct conversion of the ratios shown in a). However, since these are cumulative, they need to be 

converted to the “true” non-cumulative ratio at any given time, shown as the solid line. The ratios 

for Exp. 2 were taken between the three center channels of each peak, and so a direct comparison 

is only possible when spectra were saved, so that accurate values for the three center channels can 

be used. Those ratios are the large symbols shown in b) and, since they are also cumulative, they 

should be compared to the dotted lines, which they are in reasonable agreement with. To obtain 

thickness estimates (dashed lines) for these data points, they need to be compared to the dotted 

line from their set, projected onto the solid line, and then compared to the thickness, as shown with 

arrows for the last data point, which should have a true ratio of ~0.22, and therefore a thickness of 

20-25 μm. Since Sample 1A was effectively destroyed at the end of the experiment, it was 

unfortunately not possible to confirm this with microscopy. 

 

 
Figure 28 – PIXE spectra taken after 6 (solid blue line), 28 hours (dotted green line), 36 hours (dashed yellow line), and 52 hours 

(dashed and dotted red line) with relevant peaks labeled. Counts are normalized to the total number of counts in the spectrum and 

plotted on a log-scale. 
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4.4.3. Experiment 2 

Exp. 2 was the first to feature 2 TCs and a “proper” PIXE setup as described in Section 4.3 

with spectra taken every 5s. Like in Exp. 1, there is an immediate temperature increase (~50 °C 

for TCA and ~30°C for TCB) when the beam hits Sample 2A (see Figure 30). There is also a ΔT 

between the two TCs of about 15-20 °C when the beam is on, where TCA is higher because it is 

closer to the beam spot, and ~2 °C when the beam is off, where TCB is higher because it is located 

further inside the heater. This temperature difference persists throughout the experiment. 

The PIXE data (originally reported in (178)) shows the same sample thinning that was already 

observed in Exp. 1, but in much more detail (see Figure 31 a)). Gaps in the plot indicate that the 

spectra taken in those intervals were below the total counts threshold (see Section 4.3.4 and the 

number of total counts per spectrum in Figure 31b)). The large gap around hour 13 was caused by 

a loss of beam. Retuning took more than an hour. When the beam was back, the beam energy was 

accidentally tuned to 4.1 MeV, which was corrected quickly, but created outliers in the PIXE data 

marked with the rightmost green circle. The increase in Bi-Fe ratios can be understood as more x-

rays produced in the LBE since higher energy protons have more residual energy after passing 

through the sample and penetrate deeper. Even though there are also more Fe x-rays, the number 

of Bi x-rays increases disproportionately. The other two outliers (also marked with green circles) 

are due to spikes in the x-ray counts (see green circles in Figure 31 b)) and likely the beam current, 

which appears to disproportionately affect certain parts of the PIXE spectrum. Based on the 

standard, Sample 2A was ~38 μm thick at the end of the experiment (thickness estimates from 

standard shown as horizontal dashed lines). 

One thing to note is that the ratios seem to have more spread as they get larger. This seems at 

odds with the uncertainty of the ratio being dominated by the uncertainty of the much smaller 

number of Bi counts (compared to Fe) since the variance scales with the inverse of the number of 

counts. With the increase in Bi x-rays, the uncertainty should decrease despite the decrease in Fe 

counts because the number of Fe x-rays is orders of magnitude larger. The apparent increase in 

spread in Figure 31 a) is an illusion created by the linear y-axis. If plotted on a log-scale, the 

decrease in spread with the increase of Bi counts is immediately apparent (see Figure 32). 

Figure 32 shows the same PIXE data as in Figure 31 a) (blue dots). The trendlines in Figure 

31 a) show the exponential increase of the ratio before and after the 13-hour gap. Interestingly, if 

the data is plotted as if the beam was on target continuously (yellow dots in Figure 32), a single 

exponential trendline can easily be fitted through all data points. This is important because it 

indicates that the corrosion process had paused or at least significantly slowed down without the 

beam and resumed when the beam was back on target. 

As shown in Figure 26, Sample 2A appeared pristine after the experiment with no signs of 

oxidation on the vacuum side. The attempt at cutting the sample with a femtosecond laser (see 

Section 4.2.5) at UCB led to too much heat deposited in the sample and ultimately vaporization 

and redeposition of the material being cut (see Figure 33). Figure 33 a) shows a FIB-cleaned cross 

section on Sample 2A after laser-cutting, while b) shows a similar cross section on Sample 2B, the 

corrosion-only sample. The cross section in a) only shows LBE (original and redeposited) with an 

Fe-oxide layer detached from the base metal. b) shows some LBE adhering to Sample 2B and the 

original Fe substrate. There is no immediately obvious oxide layer and the vaporization / 

redeposition makes it impossible to determine the Fe foil’s thickness. At this time, the sample is 

being shipped back to LANL for further analysis, similar to that performed on Sample 3A (see 

Section 4.4.4). 
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Figure 29 – Attempt at estimating the final thickness of Exp. 1 from (178). 

 

 
Figure 30 – Temperature measurements from TCA and TCB at the beginning of Exp. 2 (time since start). 
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Figure 31 – a) BiLβ-FeKα ratios (3-channel method) over the course of Exp. 2 and b) total number of x-ray counts in each 

spectrum adapted from (178). 

 

 
Figure 32 – Log plot of original PIXE ratios (3-channel method) from Exp. 2 (blue dots) and data series with data after the 13-

hour mark shifted to the left (yellow dots). 
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Figure 33 – FIB-cleaned cross sections of laser-cut areas on a) Sample 2A and b) Sample 2B. SEM images courtesy of Peter 

Hosemann (UCB). 

 

4.4.4. Experiment 3 

Exp.3 fills in the duration and dpa gap between the first two experiments. As before, the beam 

creates temperature fluctuations in the TCs, this time ~15-20 °C for TCA, ~10 °C for TCB, and 

<10 °C between the two (TCA higher) with the beam on and again ~2 °C (TCB higher) when the 

beam is off. Figure 34 shows the PIXE data from Exp. 3 with the trendlines from Exp. 2 overlaid. 

The initial response for Exp. 3 is quite different, which is possibly due to slightly different initial 

thicknesses of the Fe foils (±10% according to the manufacturer (175)). Only starting around hour 

12 is there better overlap between the lowest trendline in Exp. 2 and Exp. 3. However, that is the 

trendline that is fitted through the data after the irradiation gap, so, as discussed in the previous 

section, it is likely not a good representation of the actual irradiation-corrosion behavior of Sample 

2A. Therefore, Sample 3A appears to be corroding much more slowly than Sample 2A. Based on 

the calibration curve (see Figure 23), the final thickness of Sample 3A is ~42 μm, which is similar 

to the final predicted thickness for Exp. 2 (~38 μm) after approximately twice the corrosion time 

and dpa. This is more easily seen in the comparison of the calculated sample thicknesses for both 

experiments shown in Figure 35. To put the results into perspective, the expected sample thickness 

based on a power-law kinetics model for Fe-oxide formation on pure Fe in O-rich flowing LBE 

(450 °C) (see (77)) is shown as well. The Fe mass loss Δ𝑥𝐹𝑒 can be calculated as follows: 

 

Δ𝑥𝐹𝑒(𝑡) =
𝜌𝑂𝑥𝑤𝐹𝑒,𝑂𝑥

𝜌𝐹𝑒
√𝑘𝑛𝑡
𝑛  , 

 

with the oxide density 𝜌𝑂𝑥 (here assumed to be magnetite with a density of 5.16 g/cm3), the Fe 

mass fraction in the oxide 𝑤𝐹𝑒,𝑂𝑥  (0.724), the density of Fe 𝜌𝐹𝑒  (7.86 g/cm3), the exponent 𝑛 

(3.361), the rate constant 𝑘𝑛 (2.618 µm/hr), and the corrosion time 𝑡 in hours (77). By comparison, 

the corrosion of Samples 2A and 3A is clearly accelerated in the beam spot, as is the corrosion of 

Sample 3B although to a lesser extent. This discrepancy will be discussed in more detail in Section 

5.1. 

For the evaluation of the samples from Exp. 3, cross sections were cut into Sample 3A with a 

PFIB, as described in Section 4.2.5. The observed cross sections show the fate of an oxide layer 

forming on Fe in LBE (see Figure 36). Initially, the oxide is adherent to the base metal. The oxide 

shown here is formed by LMC and is not a native oxide because no counterpart is observed on the  
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Figure 34 – Linear plot of PIXE results (fitted Gaussians) for Exp. 3 (blue circles) with fitted Gaussian ratios from Exp.2 (yellow 

circles) overlaid. 

 

 

Figure 35 – Calculated sample thicknesses in the beam spot on Samples 2A and 3A based on Gaussian fits and the respective 

calibration curves for Exp. 2 (yellow circles) and Exp. 3 (blue circles). The black line shows the expected sample thickness based 
on the power-law corrosion kinetics model presented in (77). An initial sample thickness of 50 µm was assumed for this 

calculation. The green square shows the average measured thickness of Sample 3B (corrosion-only) after the experiment for 

comparison. 

 

vacuum side. Over time, the LBE penetrates the oxide and eventually creates pits underneath it 

(Figure 36 a)). Note that the oxide on top of the pits is thicker than the oxide that still adheres to 

the sample. The LBE pits grow laterally, but also vertically, i.e., into the base metal. Once two pits 

meet, the oxide layer is fully detached (b)). The boundaries of the former pits are still visible in 

both the oxide layer and the Fe layer as (sometimes quite subtle) dents pointing towards one 

another (best seen in c), but a few can also be observed in b)). The detached oxide layer then slowly 
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moves away from the base metal as more and more LBE pools underneath it. Over time, the oxide’s 

edges become rougher as the LBE dissolves it from both sides. At this point, the remaining oxide 

is now thickest at the edges of the dissolution pits where it was attached longest. 

Figure 36 c) shows a good example of the oxide and the Fe sample almost mirroring each 

other in curvature where a corrosion pit started. It also shows a horizontal line connecting the two 

pit boundaries and stretching further on either side. Its nature and origin are not quite clear although 

it might be a second-generation oxide that formed after pitting had begun. Multiple generations of 

oxides can be observed in some areas of the sample (see, e.g., Figure 37). Unfortunately, more 

detailed images of the oxide are currently difficult to obtain due to the depth of the trench cut by 

the PFIB. Note that the angle some of the Fe layers appear to be at (as opposed to being horizontal) 

is a consequence of the sample’s local curvature, as discussed in Section 4.2.5. At 0° tilt, the slit 

appears horizontal. 

The numerous cross sections in Sample 3A (a total of 10 trenches, each at least 1 mm wide) 

were used to measure the thickness of the remaining Fe foil to confirm the PIXE predictions. 

Measurements were obtained with the tilting method described in Section 4.2.5. The result is 

shown as a heat map in Figure 38, where red dots show thin (a minimum of 29 μm) and yellow 

dots show thick cross sections (up to 46 μm). Unsurprisingly, the sample is thinnest in the area 

surrounded by the white dashed square, which marks the approximate location of the beam spot. 

Locating the beam spot is challenging because there is no obvious mark on the vacuum side of the 

sample. The oxidation seen in the photo occurred during cutting of the sample in the PFIB, which 

indicates that 1 μA is too high of a cutting current (or at least that better thermal contact with the 

stage is required) and that the Xe beam is introducing substantial amounts of damage into the 

sample locally. Regardless, the assumed location of the beam spot not only aligns well with the 

observation of the sample’s thickness, but also with observations made during beam positioning. 

It is directly above the cross, which was added at the end of the experiment to mark the bottom of 

the sample, so it is well-centered on the vertical axis. It is also slightly above the horizontal center 

line, which the beam spot generally tends to be with how the beam-guiding scintillators are 

arranged. 

Two more things are important to note about this figure: 1) There are areas far away from the 

beam spot that are up to 46 μm thick, which is almost the original thickness of the sample and 

comparable to similar measurements on Sample 3B. These areas have experienced almost no 

corrosion over the course of ~40 hours. 2) The transition from irradiated to unirradiated areas of 

the sample is not abrupt, but rather a gradient, which is best seen in the color gradients in the slits 

at the bottom and bottom left. This shows that the presence of the beam spot induces a bystander 

effect on neighboring regions that are not directly irradiated. 

Attempts were made to take this analysis a step further by obtaining EDS line scans of the 

cross sections. Unfortunately, the steep angle made it impossible for the EDS detector to measure 

the number of x-rays consistently with depth, even with depth correction. Within 40-50 μm from 

the surface, the signal disappears almost entirely, which also makes manual treatment of the data 

impossible. Therefore, it is desirable to cut the sample in half in the future, ideally with a 

femtosecond laser at low power, so that the cross sections can be studied in more detail. The nature 

of the oxide is also not known, although, based on the literature, Fe3O4 is the oxide expected to 

form (77). The oxide’s behavior and appearance in cross section also indicates that its Pilling-

Bedworth ratio is large and close to 2, which makes it non-protective and is compatible with the 

assumption that this is indeed magnetite. 
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Figure 36 – SEM images showing the progression of corrosion of pure Fe in LBE. All images were taken on Sample 3A. a) was 

taken at a tilt angle of 15° and shows the onset of pitting corrosion under the oxide. b) and c) were taken at a tilt angle of 45° and 

show the complete detachment of the oxide from the base metal. Note that the angle at which the Fe surface appears to be is due 
to the local curvature of the sample, as mentioned in Section 4.2.5. At 0° tilt, the sample surface appears horizontal for all 

locations shown. 



 

65 

 
Figure 37 – SEM image (25° tilt angle) showing two generations of oxides connecting to a single oxide layer. 

 

 
Figure 38 – Heat map of Fe foil thicknesses measured on Sample 3A. Measurement locations are approximate, but data points 

were obtained in roughly equidistant intervals for each trench. 

 

4.4.5. Interpretation of experimental results 

In this section, some discussion of the experimental results of the three ICE III experiments 

presented above is provided to make it easier to go back and forth between the figures shown here 
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and their interpretation. Additional discussion of the results in the context of the literature will be 

provided in the main discussion section (Section 5). 

 

4.4.5.1. Accelerated corrosion under irradiation 

This series of experiments has yielded several rather interesting results. The most obvious and 

most important result is that the proton beam clearly accelerates pure Fe corrosion in LBE. The 

PIXE data from Exp. 2 showed that corrosion stopped completely or was at least significantly 

decelerated when the beam was off compared to when the beam was on target. Furthermore,  

Sample 1A broke after 56 hours and the other two experiments showed substantial thinning in their 

irradiation-corrosion samples, while the corrosion-only samples were significantly less corroded. 

In corrosion tests in preparation for ICE III, samples have lasted up to 200 hours in the same 

corrosion conditions (450 °C) without rupturing. To put this into perspective, in some rare cases, 

pure Fe exposed to flowing LBE at 450 °C for ~8000 hours has been reported to show no 

observable signs of corrosion, while other samples in the same experiment showed behavior 

similar to that shown in Figure 36 (77). 

What is less clear is why the thicknesses predicted by PIXE are so close for Exp. 2 and 3, even 

though the latter was corroded twice as long and exposed to twice the dpa. The only immediate 

difference between them is that the two experiments show different ΔT when the beam is on, both 

for the TCs individually as well as between the two (see Table 8). If this was a matter of TC 

positioning in the chamber, which varies between experiments due to how the TCs are mounted 

(see Section 4.2.3.2), the TCs likely would have responded differently. For example, assuming 

that both TCs were closer to Sample A in Exp. 2 than in Exp. 3, the individual ΔTs due to the 

presence of the beam could be higher in Exp. 2. However, the temperature difference between the 

two should be similar for both experiments. This is supported by the fact that there even is an 

observable ΔT in TCB, which shows how efficient heat transfer within the chamber is because the 

distance between TCA and TCB is much larger (several mm) than any potential error introduced 

during chamber assembly (< 1 mm). The TC orientation was visually confirmed after each 

experiment when the chamber was emptied, although the distances were not measured. Therefore, 

the observation that the individual temperature differences for the TCs are smaller in Exp. 3 even 

though the same current was measured with the Faraday cup indicates that less beam was on the 

sample. It appears that during beam positioning, a larger portion of the beam was positioned on 

the scintillator. However, this does not change the fluence on the sample for the area that was 

exposed to the beam, which is substantially higher for Exp. 3, and yet the foil thicknesses predicted 

by PIXE are quite similar. This means that radiation-induced defects alone cannot be responsible 

for the acceleration of corrosion observed in all three experiments, and so the creation of a ΔT 

between the beam spot and other parts of the chamber also plays a role in accelerating corrosion 

here. There may also be a small contribution from the increased number of thermal vacancies in 

the beam spot due to beam heating. 

 
Table 8 – Summary of temperature differences observed in all three ICE III experiments under different beam conditions. 

Condition ΔT Exp. 1 [°C] ΔT Exp. 2 [°C] ΔT Exp. 3 [°C] 

TCA beam on-off +30 +50 +15-20 

TCB beam on-off - +30 +10 

TCA-TCB beam on - +15-20 +<10 

TCA-TCB beam off - -2 -2 
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On the other hand, it is also clear that a temperature gradient alone cannot be responsible for 

the observed increase in corrosion rate. As mentioned in the previous paragraph, heat transfer in 

the chamber is excellent, which is shown by the immediate response of TCB to beam heating even 

though this TC is further away from Sample A and well beyond where the protons can penetrate. 

This implies that not only the region of the beam spot on Sample A, but effectively all of its surface 

area must be experience an increase in temperature that is much larger than that of Sample B. Yet, 

as shown in Figure 38, the thickest and thinnest parts of Sample 3A are only mm apart. If beam 

heating alone was to blame for the observed acceleration of corrosion, the heat map should show 

a red (thin) area centered on the square 3×3 mm2 beam spot and a gradient of increasingly more 

yellow (thicker) data points spreading in all directions away from the beam spot to the edges of 

the sample. The fact that such a gradient exists in some areas but is quite limited in size, suggests 

that irradiation-induced defects play a role as well. If they did not, it is not clear why the Fe 

thickness observed on Sample 3A in some areas less than 5 mm away from the edge of the beam 

spot is comparable to thicknesses measured on Sample 3B. Another preliminary experimental 

result supporting the argument that radiation-induced defects have an impact on corrosion of pure 

Fe in LBE in the dissolution regime will be presented in Section 4.5.2.2). The relative contributions 

of radiation damage and beam heating, however, remain elusive. 

The results of Exp. 2 show that it is not primarily the injection of longer-lived defects by 

irradiation, but indeed this combination of short-lived non-equilibrium radiation-induced defects 

and beam heating discussed in the previous paragraphs that produces most of the acceleration of 

corrosion. This can be seen in the 13-hour-gap, where corrosion effectively ceased because the 

beam was not present. If there is a contribution of longer-lived non-equilibrium defects to 

accelerated corrosion, it is very small. Rather, it appears that most of these defects are annealed 

shortly after irradiation stops. This observation underlines the need for simultaneous irradiation-

corrosion experiments, such as those presented in this work, as opposed to corrosion experiments 

with pre-irradiated samples. 

One important question remains, and that is whether the beam primarily affects the metal or 

the oxide. In the later stages of the corrosion process, when the oxide is fully detached, the answer 

seems obvious, since there is no oxide that can contribute. However, when the oxide is still 

adherent, the answer is not that clear-cut. It is possible that the introduction of defects into the 

oxide and the disruption of bonds within it makes the oxide even more easily penetrable than it 

already is under corrosion-only conditions. A similar argument was recently made for oxides on 

SIMP steel, a martensitic steel under simultaneous irradiation by 247 MeV Ar and corrosion by 

flowing LBE (151). The defects introduced into the base metal likely contribute as well. A recent 

study on irradiated Fe capped with Fe2O3 showed that defects from the metal accumulate at the 

interface with the oxide (192). From a corrosion perspective, this makes the oxide less adherent 

and accelerates its detachment. Therefore, it appears that radiation-induced defects in both the base 

metal and the oxide may play a role in accelerating corrosion of pure Fe in LBE, but – once again 

– the relative importance of the two effects is not immediately obvious. 

 

4.4.5.2. Accuracy of PIXE predictions 

The quality of the PIXE data merits some discussion as well. The comparison of the PIXE 

results and SEM measurements for Sample 3A shows reasonable agreement between the predicted 

(~42 μm) and observed (~35 μm on average) Fe foil thicknesses. This shows that PIXE is a rather 

useful tool for the in-situ monitoring of corrosion under simultaneous proton irradiation over time, 

even though the PIXE response measured is an average of the entire area of the beam spot. One of 
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the reasons for why PIXE works so well for the prediction of sample thicknesses is that the 

corrosion of Fe in LBE is relatively uniform. If corrosion was extremely non-uniform, e.g., if it 

was dominated by highly directional grain boundary attack (see, e.g.,  (193) for such an example 

in molten salt), a calibration curve like that established here cannot be applied. However, even in 

non-uniform cases, PIXE may yield useful results. For example, if x-rays from an element in the 

molten salt become measurable over the course of the experiment, the depth of corrosion along the 

grain boundary could be inferred. In addition, it serves as an early warning sign for runaway 

corrosion if peaks from the corrosive medium grow very quickly, at which point the experiment 

should be terminated. 

The discrepancies between the PIXE results and the SEM measurements are worth discussing 

in a bit more detail. Figure 35 shows that PIXE significantly overestimates the sample’s initial 

thickness (more than 60 μm, compared to the nominal thickness of 50 μm +/- 10% according to 

the manufacturer). Based on the SEM results for Exp. 3, this discrepancy becomes smaller over 

time (> 10 μm initially compared to ~7 μm at the end of the experiment), which is probably a 

consequence of the improved counting statistics of the BiLβ x-ray peak as Sample A thins out. This 

indicates that the final thicknesses of Sample 1A and Sample 2A predicted by PIXE are likely 

overestimated by several μm as well. Unfortunately, this assumption can no longer be proven 

directly with microscopy due to the destruction of the samples. 

The comparison of the calibration curve ratios computed by the 3-channel method and by 

Gaussian peak fitting (see Figure 25) shows a systematic shift towards larger Bi-Fe ratios for the 

same sample thickness. However, this shift is also reflected in PIXE ratios collected during ICE 

runs. Note, for example, the difference in ratios from Exp. 2 between the 3-channel method (Figure 

31 a)) and the larger ratios obtained by Gaussian fitting (Figure 34). This shift reflects the smaller 

height-to-width ratio of the Gaussian fitted to the BiLβ peak compared to the much narrower 3-

channel “fit”. As a result, the Gaussians cover a larger number of channels and therefore account 

for a larger area under the curve than the 3-channel method, which disproportionately affects the 

BiLβ peak (see energy difference between BiLβ1 and BiLβ2 vs. FeKα1 and FeKα2 in Table 11 in 

Appendix 8.4), and therefore increases the Bi-Fe ratio. 

Another potential source of error resulting from the use of the calibration curve stems from 

the curve fit to the calibration curve data points. As shown in Figure 23 and Figure 24, the curve 

sometimes over- or underestimates a cluster of ratios at a given Fe stack thickness. At 50 μm, the 

curve overestimates the ratio for both Exp. 2 and Exp. 3. This results in an overestimate of the 

predicted initial thickness during the experiments of ~2 μm when compared to predictions based 

on the average ratio for 50 μm measured for the calibration curve. This may also hint at a 

discrepancy between the fit applied to obtain the calibration curve and the actual Bi/Fe ratio at 

large Fe foil thicknesses. The sample thickness before the experiment has been measured in the 

SEM to be between 52 and 55 μm, so it is indeed thicker than the expected 50 μm. It is possible 

that the Bi/Fe ratio for 55 μm of Fe is substantially lower than estimated by the exponential fit 

assumed in the calibration curves. This may explain why the extrapolation to Fe thicknesses larger 

than 50 μm yields surprisingly large sample thicknesses initially and should be confirmed with 55 

and 60 μm thick Fe foil stacks during another calibration curve measurement. This does not, 

however, explain the mismatch between PIXE data and SEM observations later in the experiment 

where the Fe sample thickness is well within the range of the calibration curve. 

Therefore, the remaining observed discrepancies are likely due to systematic differences 

between the ratios in the calibration curve and the ICE runs. One obvious difference is that the 

calibration curve is measured at room temperature, while ICE is at 450 °C. The resulting density 
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difference (10.5 g/cm3 vs. ~10.1 g/cm3), however, results in a rather small (~0.3 μm) overestimate 

of the Fe foil thickness during the experiment. Other differences include that the calibration curves 

are measured using smaller proton currents (1-2 μA vs. 3 μA) on a smaller area (2x2 mm2 vs. 3x3 

mm2) compared to ICE runs; that the LBE tablet holder has a small opening that contributes 

additional steel background compared to ICE; and that the beam-guiding alumina scintillator and 

the Cu tape it is mounted on are present only during ICE. 

Another potential source of error stems from the presence of Fe in the oxide as well as in 

solution in LBE near the sample surface during ICE. The Fe x-rays from Fe in these regions will 

count towards the total Fe counts and slightly distort the Fe thickness estimate. However, the lower 

density of Fe-oxides compared to pure Fe and the small amount of Fe soluble in LBE at 450 °C 

(see Figure 2) implies that this contribution is rather small. At the beginning of the experiment, the 

growth of an Fe-oxide or the dissolution of Fe should, in fact, have the opposite effect on PIXE 

predictions, i.e., the sample should appear thinner due to the smaller number of Fe atoms per 

volume compared to pure Fe. 

It is not quite clear what the individual contributions of these differences are. Some factors, 

such as the higher beam current during ICE, even indicate that ICE PIXE ratios should be an 

underestimate of the Fe foil thickness rather than an overestimate because disproportionately more 

Fe counts may be lost to pile-up and escape peaks. Detailed parametric studies are required to 

illuminate this issue and to make the PIXE predictions more accurate. Nonetheless, even in its 

current form, PIXE provides a powerful tool for the observation of corrosion under irradiation. 

 

4.5. Extensions of the Irradiation-Corrosion Experiment III 

4.5.1. Molten salt setup 

Another group of Gen-IV reactor-relevant coolants consists of molten salts, specifically 

chlorides and fluorides, that are used as either fuel solvent, coolant, or both (see e.g., the Molten 

Salt Reactor Experiment (MSRE), the Molten Salt Actinide Recycler and Transmuter (MOSART), 

the Thorium Molten Salt Reactor (TMSR), the Molten Salt Fast Reactor (MSFR) (194), and the 

Fluoride-salt-cooled High-temperature Reactor (FHR) (195, 196)). In molten salt cooled reactors, 

the protection of structural materials relies on the reduction of dissolution corrosion by controlling 

the redox potential of the salt rather than the formation of an oxide since these are generally not 

stable (see, e.g., (197)). Corrosion resistance for species commonly found in structural materials 

is in a different order for molten salts (𝑁𝑖 > 𝐹𝑒 > 𝐶𝑟) compared to HLMs (𝐹𝑒 > 𝐶𝑟 > 𝑁𝑖). 
ICE III was designed with the intent to also accommodate molten salts to study the dissolution 

of materials under simultaneous corrosion. However, there are major differences between the LBE 

and molten salt experiments. The salts have higher melting points and therefore require higher 

temperatures during the corrosion experiments. While Cu gaskets have not led to issues at 450 °C, 

they are increasingly more likely to diffusion-bond with the knife edge at higher temperatures, so 

they are replaced by Ni gaskets. Corrosion behavior in molten salts is very sensitive to salt purity 

and many molten salt coolant candidates are hygroscopic or deliquescent, so handling and filling 

of the chamber must occur in a well-controlled environment. In addition, the chamber must be 

fully sealed, which includes welding the Swagelok adapter holes shut. This implies that in order 

to fill the regular ICE III chamber design with salt, salt powder has to be densely packed into the 

main chamber, which will likely lead to a large plenum above the liquid, as was seen in Figure 12. 

The presence of such a large gas space can likely not be avoided, but it is desirable to keep it as 

small as possible to avoid changes in salt chemistry due to the segregation of more volatile species 
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into the gas phase. Dense packing is challenging with two TCs in the middle of the chamber, so a 

slightly different design is used for molten salts, which is described in Section 4.5.1.1. Testing is 

described in Sections 4.5.1.2, 4.5.1.3, and 4.5.1.4. 

 

4.5.1.1. Molten salt ICE chamber 

The purpose of the molten salt ICE III chamber design is to ensure that enough salt is present 

independently of the chamber’s internal geometric complexity, e.g., due to the presence of TCs. 

There are two additional goals: 1) to have an irradiation-corrosion setup for rare salts, e.g., UCl3, 

where using a large chamber would be prohibitively expensive; and 2) to add more access ports, 

e.g., for electrodes for electrochemical measurements. A design that meets all these constraints is 

shown in Figure 39. The center port is used as the salt powder reservoir, while the other two ports 

can be used for TCs or electrodes. Since the salt volume is rather small, the experiment time needs 

to be relatively short, so that the salt does not saturate with corrosion products. 

 

 
Figure 39 – Photo of molten salt chamber for rare salts (courtesy of Scott Parker (LANL)). 

 

4.5.1.2. Corrosion test 

A leak test was conducted with a DN16CF flange with a pocket (machined by Scott Parker 

(LANL)), similar to the molten salt ICE chamber. The test sample was a 50 μm thick AISI 304 

foil and the corrosive medium was 0.52MgCl2-0.48NaCl (Tmelt = 450 °C), which is close to the 

eutectic composition of the MgCl2-NaCl system. NaCl-MgCl2 is one of the candidate solvents for 

liquid-fueled MCFRs (194). AISI 304 was selected because it should be more corrosion-resistant 

than pure Fe, but not as corrosion-resistant as Ni-based alloys. It is also chemically similar to the 

chamber materials, which is desirable for corrosion experiments (see, e.g., (154) and Section 

4.5.2.2). The goal for this experiment, the subsequent irradiation test (see Section 4.5.1.4), and 

future ICE runs is to increase the likelihood of measurable corrosion occurring while preventing 

immediate failure of a less durable sample, such as pure Fe or pure Ni under irradiation (see (176)). 

This should allow possible effects of radiation on corrosion to be observed in a relatively well-

controlled environment before moving on to other sample materials. 

Approximately 14 g of salt were packed into the chamber and sealed with a Ni gasket by Scott 

Parker (LANL). The assembly was then heated to 760 °C in a furnace inside a glovebox with the 
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sample facing down. The test lasted for ~10 days with a 1-day break after 3 days, after which 

heating continued in a different furnace provided by Charles Lhermitte (LANL). No salt leak 

occurred, and the cross section of the sample revealed no substantial corrosion. 

 

4.5.1.3. Corrosion monitoring demonstration with solid salt tablet 

The first step in establishing whether PIXE is feasible for molten salts was to attempt a 

measurement of solid salt behind Fe foil stacks of varying thickness, similar to the LBE calibration 

curve measurement described in Section 4.3.3. The tablet was made by mixing and grinding food-

grade NaCl and KCl (~50% each), wetting the stamp with water, and pressing the powder into a 

wetted pellet by hand to fuse the powder grains by partially dissolving and then recrystallizing 

them. With the wet pellet method, the surface of the pellet was flat and cohesive without additional 

processing, which allowed it to be mounted vertically in the beamline. 

 

 
Figure 40 – Qualitative comparison of normalized PIXE data from solid salt tablet test. X-ray peaks from the salt are easily 

visible until the Fe thickness reaches 25 μm, at which point the KKβ peak is the last remaining barely observable salt peak. 
Measurements for the bare salt tablet were taken for 500 nA of 1.5 MeV protons (2x2 mm2 beam spot size) to reduce the risk of 

the tablet melting. Measurements with Fe present were done with 4 MeV protons and currents of 340, 320, and 300 nA for 5, 15, 

and 25 μm thick Fe, respectively. 

 

Figure 40 shows normalized PIXE results for proton irradiation of the salt tablet with Fe foil 

stacks up to 25 µm thick. Beyond this thickness, none of the elements present in the salt were 

detectable. It is important to note that the density of the produced tablet is unknown and likely 

smaller than that of a pure molten salt, which means that it may be possible to observe certain 

molten salt x-rays with samples slightly thicker than 25 µm. However, these results serve as an 

indication of the maximum sample thickness that is likely to be suitable for molten salt PIXE. 

Another interesting thing to note is that salt constituents down to energies of ~1 keV can be 

detected (detector temperature during test: 265 K). This is encouraging, and it may even be 

possible to measure these x-rays during a real experiment if the detector is actively cooled. 
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One possible alternative to establishing PIXE ratios, which requires signal from the corrosive 

medium, is to monitor only the x-rays of the sample, which should change over time as it is 

corroded. However, this requires the presence of a constant peak that can be used to monitor the 

beam current, which is challenging, as mentioned in Section 4.2.10.3. In addition, if a steel is used 

as the sample, it needs to be distinguishable from the steel background in the end station. To 

remove this background, Ti parts (sheet and tubing, Titanium Joe) may be used to cover these steel 

parts on the vacuum side and replace the steel background with a Ti background that does not 

overlap with signal from the sample. 

Another alternative to PIXE ratios is to use PIGE (see Section 4.3.5.2) to detect the 1219 keV 

γ-rays from the 35Cl(p,p’γ) reaction. 35Cl is 76% naturally abundant, but the cross section for this 

reaction drops drastically with low proton energies, so higher energies (~3.5 MeV in the salt, see 

(188), and therefore more than 4 MeV to begin with) are needed, which would lead to more 

activation of the sample. 

 

4.5.1.4. Irradiation test 

Since all LBE-ICE III experiments were conducted with 50 μm thick Fe foils, an irradiation-

corrosion test with 0.52MgCl2-0.48NaCl and a 25 μm thick AISI 304 sample – as suggested by 

the salt tablet demonstration – was conducted to ensure beamline safety. This was done with the 

help of Matt Chancey (LANL). The goal was to determine which beam currents the sample can 

withstand and what kind of ΔT (beam on-off) may be expected on TCA, given that the salt volume 

is significantly smaller than in regular ICE. In addition, the heat transfer coefficient of molten 

NaCl-MgCl2 is much lower than that of LBE. The proton beam energy for the test was set to 2.75 

MeV, which places the Bragg peak in the corrosive medium, while producing a relatively flat 

exposure profile in the sample. 

The temperatures recorded by TCA (the only TC for this setup) are shown in Figure 41. Beam 

currents as low as 500 nA lead to temperature increases of 10s of °C, which means that, if beam 

heating is to be avoided, a current of ~250 nA or less is appropriate, especially if higher proton 

energies (up to 4 MeV) are used to increase the chance of obtaining a PIXE signal from the molten 

salt. Note that Figure 41 shows a temperature decrease for some currents even though the beam is 

on the sample continuously. This is due to adjustments of the heater temperature, which are not 

shown here, to restore the chamber temperature to the target of 500 °C. The decrease in heater 

power causes the chamber temperature to drop below the melting point before the 1.7 μA and 3 

μA tests. Obviously, an actual irradiation-corrosion experiment should be run well above the 

melting point, so that solidification of the corrosive medium does not occur (unless the goal is to 

arrest corrosion in the absence of irradiation). This was primarily done to determine the stability 

of the sample, which was warped in the beam spot after the experiment, but otherwise still intact. 

With this, the stage is set for a real molten salt experiment in ICE III. 

 



 

73 

 
Figure 41 – Temperature response of molten salt chamber to different beam currents. 

 

4.5.2. Accelerated testing of materials under simultaneous proton irradiation and 

LBE corrosion with Tiny ICE 

One of the shortcomings of the ICE III designs presented so far is that sample evaluation still 

takes relatively long due to activation, even though activation has been reduced substantially 

compared to its predecessor ICE II. The only way to reduce it further is to reduce the beam energy 

further, which requires even thinner samples. With large amounts of corrosive medium present in 

the chamber and while under irradiation, it seems obvious that a foil even thinner than 25 μm 

cannot survive for long and puts the beamline at risk for contamination and exposure to gases from 

inside the chamber. One solution is to reduce the volume of the corrosive medium, which requires 

a reduction of the experimental duration to prevent saturation of the liquid. 

The other issue with thinner samples is availability. Certain metals and metal alloys are 

commercially available as free-standing foils of a few μm thickness but many are only available 

as thicker bulk materials. To study the irradiation-corrosion response of binary or ternary model 

alloys as a function of composition, many different compositions need to be readily available. One 

method of producing samples of well-controlled and readily achievable composition is to use PVD 

for thin-film deposition on a substrate, which can be exposed to simultaneous irradiation and 

corrosion conditions. 

An approach using smaller samples and smaller corrosion chambers may also alleviate another 

issue seen with the ICE results presented in this work: the variability of experimental outcomes 

due to unintended variations in the setup of each experiment, such as the observed differences in 

ΔT across the chamber. While the highly detailed PIXE and temperature measurements taken 

during the experiments help tremendously with disentangling those variables, a larger sample size 

and repeated trials would increase confidence in the interpretation of the results. 

This section describes a novel approach to irradiation-corrosion experiments where a thin-

film of arbitrary composition is deposited directly onto a solid LBE surface. A single deposition 

could produce tens of these so-called Tiny-ICE “chambers”. These chambers are heated on a heater 

stage and exposed to very low-energy proton beams (≥ 200 keV) to keep activation and beam 

heating low, which should allow for the inherent separation of radiation-induced effects on 



 

74 

corrosion from beam heating. An added benefit is that accelerators producing low-energy protons 

tend to be more available and have fewer safety requirements compared to higher-voltage 

accelerators. 

 

4.5.2.1. Experiment preparation and thin-film growth 

5x5x3 mm3 stainless steel sample holders / corrosion chambers were machined by Marshall 

Maez (LANL). Each holder has a 1-2 mm deep ~0.9 mm diameter hole. These holes were filled 

with small pieces of LBE and hand-polished once the LBE has solidified. The LBE pieces were 

made by dipping a cold steel needle into molten LBE. Once enough solid LBE was placed near 

the hole, the holders were heated and the LBE pressed into the hole as it liquefied. This process is 

tedious because LBE has rather high surface tension that prevents immediate wetting of the cavity. 

Polishing of the surface was also challenging due to the difference in hardness between steel and 

LBE. The most practical method was found to be pre-polishing of the steel holders to decrease 

their surface roughness before filling them with LBE. 

Once a reasonably flat surface was achieved, 800 nm of pure Fe were deposited via PVD at 

room temperature and without bias by Ben Derby (LANL). RBS measurements performed by 

Yong Wang (LANL) on the Si witness sample showed that the resulting film had approximately 

11% porosity, which is likely due to the low deposition temperature. Unfortunately, the low 

melting point of LBE prevents the use of more appropriate higher temperatures. The result is a 

nanocrystalline film covering the entire surface of the sample holder (see Figure 42 a)). Clearly, 

the hand-polishing left marks on the surface that carry over into the thin-film. However, they also 

act as scoring marks along which the film can tear once heated, relieving stresses building up in 

the film as the LBE expands. This can be seen in Figure 42 b), which shows Fe thin-film pieces 

floating on now frozen LBE, which expanded after 1 hour at 500 °C. 

 

4.5.2.2. Experimental results and discussion 

18 Tiny-ICE chambers were produced for this work and were used for various purposes in 

addition to irradiation-corrosion experiments, such as heating tests on the high-temperature stage. 

Initially, there were concerns that the thin-films may not survive extended periods of corrosion 

and that the LBE may flow out of the chamber since the sample holders have to be tilted 90° during 

irradiation. Several corrosion tests at different temperatures showed that the LBE generally stays 

in place due to its high surface tension. Thin-films are lost occasionally, which likely happens 

during the cooldown phase at the end of the experiment. It appears that the contraction of the LBE 

upon cooling creates a gap between its surface and the thin-film. The corrosion test results also 

showed that variability in film appearance after the experiment can be quite high, underscoring the 

need for repeat trials. 
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Figure 42 – 800 nm thick Fe thin-film grown on LBE (light) and steel (dark) a) before and b) after 1 hour at 500 °C. 

 

Two samples were ultimately used for the irradiation-corrosion experiment and two for a 

corrosion experiment with a nearly identical temperature history. The irradiation was performed 

by Yong Wang (LANL) on a 200 kV Danfysik ion implanter at the IBML. The samples were held 

at 450 °C and irradiated with a rastered beam of 200 keV protons for ~10.5 hours (8.86×1016 H/cm2, 

~0.19 dpa at 800 nm depth). A bare TC was mounted next to the samples on the high-temperature 

stage and exposed to the beam. No radiation-induced heating was observed. After the experiment, 

TEM lift-outs of one irradiation-corrosion sample and one corrosion-only sample were prepared 

with a FIB (FEI Helios NanoLab 600 DualBeam FIB, (EML, LANL)) by Hyosim Kim (LANL). 

A comparison of remaining thin-film thicknesses on these lift-outs is shown in Figure 43. 

Measurements are sorted by increasing thickness and show that the corrosion-only sample is tens 

of nm thicker than the irradiation-corrosion sample although there is a substantial amount of 

overlap between the two. 

 

 
Figure 43 – Fe thin-film thickness measurements on two TEM lift-outs (irradiation-corrosion vs. corrosion-only). 

 

One interesting observation common to all lift-outs of corroded Fe thin-films is the presence 

of a Ni-Bi phase underneath the thin-film (see Figure 44). Since an austenitic stainless steel was 

used as the sample holder, the LBE likely leached Ni from it. It is not clear if this deposition 

occurred during the experiment or the final cooldown phase. The icicle-like shape may indicate a 
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crystallization process during cooldown. The thin-film is farthest away from the heating stage and 

therefore the coolest surface, which may be why crystallization occurred there. If the deposition 

did not occur during the experiment, it should have no impact on the comparison of irradiation-

corrosion and corrosion-only results. However, to exclude the possibility of Ni’s influence, future 

experiments will be conducted with 98% Fe (rod, from Goodfellow) as the sample holder material. 

 

 
Figure 44 – EDS maps showing Ni-Bi phase deposits in LBE under an Fe thin-film in Tiny-ICE. Maps were obtained by Hyosim 

Kim (LANL) on an FEI Tecnai TEM (EML, LANL). 

 

The tearing of the thin-films implies that the LBE is not separated from the vacuum in the 

accelerator. As a result, dissolved O is likely lost to the vacuum and corrosion is dominated by Fe 

dissolution. To study samples under irradiation in an oxide-forming corrosion environment with 

the Tiny-ICE setup, the chamber must be sealed in some way. In addition to the equilibrium 

concentration of dissolved O established during LBE loading, a second source of O, such as PbO 

or Bi2O3, is likely required to maintain O concentrations above the dissolution regime for a given 

experiment temperature. However, even in its current form, the preliminary results presented here 

are rather promising for the future use of Tiny-ICE chambers for the accelerated testing of various 

materials compositions under irradiation-corrosion conditions on lower-voltage accelerators that 

are often more readily available. 
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5. Discussion 

Some discussion of the individual results is provided with the description of each experiment 

in Section 4. In this section, the validity of the experimental parameters is discussed based on a 

comparison of the experimental results with some of the existing LBE corrosion literature. Then, 

an attempt is made to combine the various competing processes into a mechanistic description of 

Fe corrosion in LBE under simultaneous proton irradiation. Finally, some advantages and 

disadvantages of the presented experimental approaches are reiterated and the need for in situ 

monitoring methods and a better understanding of model materials is stressed. 

 

5.1. Replication of relevant experimental conditions and sample behavior with 

ICE III 

Studies of pure Fe corrosion in LBE are relatively scarce in the literature and currently, there 

appear to be none considering the added impact of irradiation on Fe corrosion, aside from (178), 

in which some of the results presented here are reported. In this section, the experimental results 

from ICE III will be discussed in the context of available data on Fe corrosion. In addition, some 

discussion of other irradiation-corrosion studies in LBE will be provided in this and the following 

section, which will focus on the mechanistic aspects of irradiation-corrosion processes. 

 

5.1.1. Corrosion mode 

The prevalence of oxide-formation or dissolution attack for pure Fe in LBE is largely 

determined by the temperature and the dissolved O content of the system (see Section 3.2.1.2). 

Thick spalling oxide layers on pure Fe have been observed after 3000 hours of corrosion in a static 

setup at 450 and 550 °C with an assumed dissolved O concentration of 3.2×10-4 and 1.2×10-3 wt%, 

respectively (82). A thinner magnetite layer combined with dissolution attack was observed on 

pure Fe in LBE with 5×10-8 wt% dissolved O at 450 °C (198), which is near the stoichiometric 

line for Fe3O4 (see Figure 4). At 550 °C and with 3×10-9 wt% dissolved O, which is in the 

dissolution regime, only dissolution was observed on pure Fe (198). Pure Fe (98%) samples 

exposed to flowing LBE (2 m/s, 450 °C, 1.1×10-6 wt% dissolved O) in the CORRIDA loop for up 

to 8000 hours exhibited a mixed corrosion mode with magnetite covering the sample surface and 

locally occurring dissolution pits (77). The dissolved O concentration for the experiment is well 

above the stoichiometric Fe3O4 line at 450 °C, so the occurrence of simultaneous dissolution and 

oxide formation is somewhat surprising. A possible explanation may be that the temperature 

threshold for the occurrence of a mixed corrosion mode hypothesized in (68) is significantly lower 

for pure Fe than 550 °C because the experimental data points shown in Figure 4 are largely based 

on corrosion experiments with alloys. 

In ICE III, the assumed dissolved O concentration for the regular experiments discussed in 

Section 4.4 is between those reported for 450 °C in (198) and (77) (5×10-8 < 10-7 < 1.1×10-6 wt%). 

This shows that the observed dissolution pits are likely a local phenomenon occurring on the 

surface of both Sample A and B and not a sign of a global switch to the dissolution regime in the 

chamber. The fact that the LBE bulk in the ICE chamber still contains sufficient O to support oxide 

formation is evident in those sample areas that are covered by Fe-oxide, which should either not 

be present at all or show signs of dissolution attack rather than the smooth surface observed in 

Figure 36 a). It is likely that, as hypothesized in (77), the LBE trapped underneath the oxide is 
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being depleted in dissolved O by continued oxide formation, which promotes the dissolution of 

the base metal. 

The dissolution process at the Fe/LBE interface would eventually cease if at least one of the 

following two criteria is met: 1) the LBE reaches the dissolved Fe saturation concentration; or 2) 

sufficient dissolved O and Fe is present at the Fe surface to allow for oxide formation. At 450 °C, 

the saturation concentration of dissolved Fe in LBE is quite large (~10 -4.2 wt%, see Figure 2). 

Therefore, the first criterion is unlikely to be fulfilled given the temperature, the duration of the 

experiment, and the relative quantities of LBE and Fe available in the samples and the steel 

chamber. 

The second criterion requires that the LBE in the corrosion pit is supplied with O from the 

bulk and that the dissolved Fe equilibrium concentration necessary to for oxide growth can be 

maintained near the solid-liquid interface. The excessive growth of the oxide that detached first – 

compared to the oxide thickness of other areas where it is still attached – shows that mobility of 

dissolved O and Fe through the oxide is rather high, but it still acts as a barrier that delays efficient 

species exchange with the bulk. Therefore, it appears that concentration gradients for both O and 

Fe are established across the oxide and the trapped LBE, which prevent an immediate return from 

a dissolution-dominated to an oxide-forming regime in the corrosion pit. While dissolved O 

migrates into the pits, Fe is continuously transported away from the base metal surface into the 

LBE bulk, which is relatively poor in dissolved Fe in comparison to the corrosion pit. As a result, 

a stable oxide cannot be formed on the base metal in the corrosion pit because the required 

interdependent Fe and O concentrations necessary for magnetite formation cannot be reached. 

Dissolution attack also affects the detached oxide, which is no longer supplied with Fe 

sufficient to be maintained or grow. Over time, the oxide becomes rougher in appearance and 

ultimately thinner than oxide still attached to the base metal (see Figure 36 c)). At some point, it 

stops functioning as a barrier for species exchange with the bulk and oxide formation of the base 

metal should occur again, which restarts the oxide life cycle shown in Figure 36. Evidence for the 

existence of multiple oxide layers is shown in Figure 37 and has also been observed in the literature 

(77). In contrast to a static corrosion chamber like ICE III, erosion corrosion in a flow loop should 

accelerate the destruction of the oxide and therefore promote the return from an oxide-forming to 

a dissolution-dominated environment. 

It should be noted that the equilibrium concentration of Fe necessary to form an oxide is not 

only dependent on temperature, but also on dissolved O content, and vice-versa (77). As more 

oxide is formed over time, the overall concentration of dissolved O in the LBE bulk decreases 

slowly, and a higher concentration of dissolved Fe is necessary to maintain oxide production. 

Therefore, in a static corrosion chamber, the dissolution rate in newly forming corrosion pits 

should accelerate over time. The O sources in the chamber (see Section 4.2.6) are supposed to 

counteract this acceleration, but their impact is difficult to quantify. A decreasing global O 

concentration also has implications for the stability of the oxide under temperature cycling (199), 

which will be discussed in more detail in Section 5.2.3.Therefore, the observation of a mixed 

corrosion mode in ICE III (see Figure 36) fits well with the results reported in the literature. 

The samples in (77) also showed detached and buckling oxide layers as well as oxide networks 

similar to that shown in Figure 37, but more extensive and complex. The complexity is likely due 

to the significantly shorter corrosion time in the experiments presented here (up to ~60 hours 

compared to up to 8000 hours). A thin oxide parallel to the original oxide-metal interface like that 

shown in Figure 36 c) was observed as well (see Figure 6 b) in (77)). Interestingly, the authors 

also found evidence that some areas on the samples experienced practically no corrosion after 8000 
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hours of exposure while others showed intergranular dissolution, which has not been observed in 

the ICE III samples. It is possible, however, that a more detailed analysis of the ICE III sample 

cross sections will reveal evidence of local intergranular dissolution in the future. The nature of 

the oxide in ICE III should also be investigated further because the results presented in (77) clearly 

indicate the presence of bi-layered magnetite on pure Fe with some Pb and Bi present at the 

interface between the two oxide layers. Overall, however, the corrosion behavior observed in this 

work is consistent with that expected for pure Fe in LBE. This shows that – despite the static nature 

of the ICE III corrosion cell and the absence of active dissolved O control – a mixed corrosion 

mode (oxide formation / dissolution) typical for pure Fe can be achieved for the experimental 

durations considered here. 

 

5.1.2. Corrosion rate 

The corrosion rates observed in ICE III are substantially higher than predicted, for example, 

by the power-law kinetics model developed by (77), which indicates a loss of ~2 μm after 40 hours 

of corrosion in O-rich LBE (see Figure 35). The sample thicknesses observed on Sample 3B 

(corrosion-only sample) and on Sample 3A (irradiation-corrosion sample) far away from the beam 

spot are between 45 and 47 μm. Assuming an original sample thickness of 50 μm, this corresponds 

to a loss of 3-5 μm in ~40 hours. However, the typical thickness of the as-rolled samples was 

measured to be 52-55 μm, so the corrosion rate is actually even higher. 

One possible reason for this may be the lower dissolved O content of the LBE in ICE III, 

compared to (77). It is assumed that the LBE initially contains ~10-7 wt% O, which is the saturation 

concentration at 200 °C, the filling temperature of the ICE chamber (see Section 4.2.6). The 

plenum above the LBE and the solid Bi2O3 pellet in the chamber are supposed to continuously 

supply O. However, since this cannot be verified, it is possible that the kinetics of O uptake by 

LBE from either source are too slow. The presence of oxide layers on and near both samples in 

the experiments shows that sufficient O is present to support oxide formation, as discussed in the 

previous section. Over time, as more oxide is formed on all surfaces in the chamber, O is consumed. 

If the O sources are not effective in replenishing the consumed O, it is likely that the dissolved O 

concentration decreases continuously. 10-7 wt% O is slightly above the stoichiometric line for 

Fe3O4, but over time, the O concentration may drop below it without necessarily reaching the 

Fe3O4 stability limit. This likely extends the dissolution step of each oxide lifecycle, which may 

explain the high corrosion rates observed in this work, even in corrosion-only regions (Sample B, 

Sample A far away from the beam spot). 

A second consequence of a low dissolved O concentration is that the concentration becomes 

significantly more sensitive to temperature changes even if the O content is within the supposedly 

stable regime for Fe3O4 (199). Dissolved O concentrations were measured for a static batch of 

LBE with a dissolved Fe concentration of 1.6×10-5 wt% and varying O concentrations (within the 

operation regime) while the temperature was cycled between 300 and 500 °C (199). At low O 

concentrations (between10-7 and 10-8 wt%), this temperature difference of 200 °C led to O 

concentration changes of ~4 orders of magnitude, while no such drastic changes could be observed 

at high O concentrations (10-5 wt%) (199). The authors ascribe this to interactions of the LBE 

primarily with dissolved Fe and the temperature-dependent promotion of Fe3O4 formation and 

dissolution. Under ICE III conditions, if the dissolved O concentration falls below 10-7 wt%, a 

theoretical drop by almost an order of magnitude could be reached in the beam spot for Exp. 2, 

where the temperature changes from 400 to 450 °C when the beam is turned on (see Table 8). For 

Exp. 3, with a ΔT of 20 °C for TCA, such a change would be less dramatic (less than half an order 
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of magnitude), which may in part explain the differences between the corrosion rates of Exp. 2 

and 3. In (199), the temperature changed with a rate of 1.6 °C per minute, which is much slower 

than the temperature changes experienced by the ICE III chamber when the beam is turned on or 

off (a few seconds). In addition, the ICE III chamber is typically not held at the lower temperature 

(beam off) for more than 10 s, unless the beam needs to be tuned. Therefore, the system likely 

does not have enough time to equilibrate in the same manner as reported in (199). Nevertheless, 

the brief temperature changes introduce a driving force for oxide precipitation (beam off) or oxide 

dissolution (beam on), assuming that the dissolved O concentration is indeed low enough to reach 

this region of instability. 

Another possible cause for the differences in corrosion rate between the corrosion-only areas 

of the ICE III samples and values reported in the literature is the surface preparation of the samples. 

The Fe foils in the experiments presented here were mounted in as-rolled condition. The varying 

thickness of the samples (52-55 μm) shows that the surface is quite rough. This implies that during 

corrosion, the oxide does not grow on a truly flat surface, which increases the stresses that develop 

in the growing oxide. Higher stresses may lead to accelerated oxide detachment, as discussed in 

Section 3.2.1.2, and therefore an earlier onset of pitting corrosion and local dissolution, which 

increases the frequency of oxide life cycles. To remove this potential factor, an experiment with 

electropolished samples should be performed for comparison. 

 

5.1.3. Irradiation rate 

The corrosion rate in and near the beam spot is clearly significantly higher than far away from 

it on the same sample or on the other side of the chamber on Sample B. Before the underlying 

mechanisms can be discussed (see Section 5.2), it is worthwhile to put the dose rate applied in this 

experiment into perspective. Figure 45 shows expected dpa rates for LWR, LFR, and MSR 

environments vs. temperature. For comparison, irradiation-corrosion experiments with sample 

doses or dose rates reported in the literature are shown for the three environments. This shows that 

most laboratory irradiation-corrosion experiments, most of which employ protons instead of 

neutrons to increase the dpa rate, operate in a dose rate regime well above that expected for most 

materials in a nuclear reactor environment. For exceptionally high fuel burnup, some core internal 

materials, such as fuel cladding, may experience dose rates on the order of 10-6 dpa/s, assuming a 

dose of 150-200 dpa at the end of their 2-4 year-long residence time in LFRs. This is an order of 

magnitude larger than the maximum typical dose rate shown in Figure 45, but still lower than many 

laboratory irradiation-corrosion experiments, including this work. 

The choice between accelerated ageing and the attempt at an accurate replication of the 

expected in-reactor dose rate regime is extremely important for the interpretation of the results. At 

low dose rates, radiation-induced defect longevity largely depends on the availability of sinks. At 

high dose rates, recombination becomes more prevalent, which implies that disproportionately 

fewer created point defects reach sinks, such as GBs. The boundary between the sink-dominant 

and the recombination-dominant regime is dependent on dose rate and temperature, but also 

materials properties and the nature of the point defect (see, e.g., (200)). Therefore, to maintain a 

certain level of defect mobility, changes in dose rate can be compensated by changes in 

temperature ((153)). As mentioned in Section 3.5.1.3, neutron flux has been shown to affect 

corrosion rates of Zircaloy. The accelerated replication of these results with ion irradiation would 

require a temperature shift, which would inevitably change corrosion kinetics. The extent to which 

the simulation of corrosion under irradiation can be accelerated is therefore fundamentally limited 
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by this trade-off between maintaining representative irradiation-induced defect behavior and 

temperature-appropriate corrosion kinetics. 

The dose rate also plays an important role in Tiny-ICE. Since the beam is rastered to avoid 

beam heating, a large number of defects is induced locally when the beam passes over a certain 

region. However, while the beam passes across other areas of the sample, these point defects have 

time to evolve in the absence of the beam. Defects that have recombined or annihilated at a sink 

in this time frame are no longer available to interact with newly created defects on the next pass 

of the beam. Therefore, the surviving defect content of two samples irradiated to the same dose 

using either a rastered beam or a defocused beam will likely be different, which may affect the 

expected synergies between irradiation and dissolution corrosion in Tiny-ICE. 

 

 

Figure 45 – Semi-log plot of estimated dpa rate regimes for LWRs, LFRs, and MSRs vs. temperature, adapted from (26). Each 

data point corresponds to a simultaneous irradiation-corrosion experiment with a coolant relevant to one of the reactor types (1-6 

LWR, 7-11 LFR, 12-13 MSR) and a reported dose estimate. The references for the individual data points are: 1: (126), 2: (138), 
3: (201), 4: (202), 5: (203), 6: (204), 7: (150), 8: (205), 9: (147), 10: (146), 11: (157), 12: (142), 13: (206). The two points with a 

black border show the dose rates for regular ICE III experiments and Tiny-ICE. 

 

5.2. Enhanced corrosion mechanisms of pure Fe in LBE under simultaneous 

proton irradiation 

Aside from radiation-induced defects, which are the primary object of study, there are beam-

induced thermal effects that play a role in producing the experimental results observed in ICE III. 

Beam heating and its potential impact on corrosion is important to understand because it interferes 

with the interpretation of the results, which likely cannot purely be ascribed to radiation-induced 

damage. In fact, the slightly accelerated corrosion of Sample 3B, which was not exposed to proton 

irradiation and was discussed in Section 4.4.5, may even suggest that beam heating effects 

overshadow the much more subtle consequences of radiation-induced defects. 

In this section, the potential effects mentioned throughout this work are summarized and an 

attempt is made to provide a mechanistic picture of the irradiation-corrosion process of pure Fe in 

LBE. It is assumed that the oxide formed during the regular ICE III experiments under oxide-
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forming conditions is Fe3O4, as expected for pure Fe corrosion in LBE, although additional sample 

analysis is required to confirm this. The system considered here is therefore a polycrystalline pure 

α-Fe (bcc) base metal covered with a polycrystalline Fe3O4 film. 

 

5.2.1. Fe and Fe3O4 in the absence of radiation 

In the absence of radiation-induced defects, the higher concentration of equilibrium vacancies 

compared to equilibrium interstitials leads to a vacancy mechanism controlling self-diffusion in 

bulk bcc-Fe at all temperatures (207). The higher equilibrium vacancy concentration is due to a 

lower formation energy at low temperatures and a higher formation entropy at high temperatures 

compared to interstitials (207). For GB self-diffusion, however, some models show that self-

interstitials have a significant impact in bcc-Fe, which is in part due to similar predicted formation 

energies for vacancies and interstitials (208). The results also showed that GB diffusion is 

significantly faster than diffusion in the bulk, with the value of the GB diffusion coefficient 

depending on the nature of the GB (208). 

An excellent review of the properties of the different Fe-oxides is given in (209). Fe3O4 is 

thought to have an inverse spinel structure with a close-packed cubic O lattice, in which Fe3+ ions 

occupy the tetrahedral sites and a 50:50 mix of Fe3+ and Fe2+ ions occupies the octahedral sites, 

although ionic ordering and charge distribution in Fe3O4 are likely not this straightforward (see 

(210)). Within a framework that considers Fe3O4 to be ionically ordered, the cation distribution 

becomes disordered and ultimately random with increasing temperature. However, this disorder is 

not expected to have a large impact on cation diffusivities in Fe3O4, at least between 500 and 

1400 °C (see (211, 212)). In oxidizing conditions, cation diffusion occurs via a vacancy mechanism 

in the octahedral sublattice, while under reducing conditions, an interstitial-based mechanism 

dominates (213). As the mechanism changes, the Fe diffusion coefficient reaches a minimum that 

varies with O fugacity and temperature (213). Fe diffusion is generally faster than O diffusion in 

Fe3O4 and is thought to be the primary driver of the oxidation of Fe to Fe3O4 (214). 

 

5.2.2. Radiation damage effects 

High energy protons produce a large number of non-equilibrium point defects in the base 

metal and the oxide during the collision cascade. Those point defects that do not immediately 

recombine migrate through the material until they are absorbed by a defect sink or annihilate. To 

what extent the diffusion coefficients in the bulk and at GBs are affected by radiation-induced 

defects is not well-understood. 

In situ TEM irradiation of model Fe/Fe3O4 samples with 1 MeV Kr2+ ions up to 10 dpa (at a 

dose rate of approximately 10-3 dpa/s) showed that dislocation loops formed in single-crystal Fe 

starting at ~1 dpa at different temperatures (25, 300, and 500 °C) and grew with dose (215). In the 

polycrystalline oxide, however, dislocation loops and defect clusters resolvable by TEM could not 

be observed at 500 °C due to point defects migrating to sinks before a buildup of higher-order 

defects could occur (215). Increased defect mobility due to temperature was already observed at 

300 °C, where only thicker regions of the oxide developed loops. In contrast, at 25 °C, dislocation 

loops that grew with dose were observed in oxide grains, which shows the sensitivity of defect 

mobility to temperature. The presence of defect-denuded zones near Fe3O4 GBs implies that – even 

at 25 °C – the GBs acted as efficient defect sinks, which could not be observed in the single-crystal 

Fe metal (215). These results show the impact of radiation dose on defect evolution, and also 

emphasize the importance of grain size for defect accumulation within the grain. 
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At lower doses (between 10-4 and 2.2×10-2 peak dpa), self-ion irradiations of an epitaxially 

grown pure Fe with a 50 nm thick Fe2O3 cap with 2 MeV Fe2+ at room temperature have shown 

the accumulation of dislocation loops at the metal/oxide interface via TEM as well as vacancy 

accumulation via PALS (192). Both the number of vacancies as well as vacancy cluster size near 

the interface increase with dose. It is important to note here that the interface is more than 500 nm 

away from the dpa peak in the single crystal Fe base layer (see Figure 1 in (192)). The authors 

ascribe the growth of vacancy clusters to dislocation loops acting as preferential sinks for 

interstitials in contrast to the interface, which acts as a neutral defect sink. 

In extreme cases, radiation damage can amorphize crystalline materials, which may have an 

impact on bulk diffusion. Fe3O4, however, appears to be quite amorphization resistant. Neutron 

irradiations up to a fluence of 2×1020 neutrons/cm2 induced no amorphization and produced very 

weak swelling (< 0.1 vol%) in Fe3O4 (216). The authors ascribe this amorphization and swelling 

resistance to the large number of empty lattice sites in the inverse spinel structure of Fe3O4 (216). 

A resistance of Fe3O4 to amorphization was also observed for heavy ion irradiations (217). Fast 

electron irradiation of Fe3O4 up to a dose of 2 MGy has been found to induce a phase 

transformation to FeO (wüstite) via intermediate steps where α-Fe2O3 (hematite) and γ-Fe2O3 

(maghemite) are present (218). Based on the neutron irradiation results mentioned above, however, 

it is unlikely that such a radiation-induced transformation is taking place under ICE III conditions. 

Aside from radiation dose effects, the dose rate is also important for transport in solids. Isotope 

tracer studies in epitaxially grown Fe2O3 have shown that self-diffusion of cations and anions is 

enhanced with increasing dose rate under heavy ion irradiation (400 keV Ar+ at dose rates of 2×10-

5 and 2×10-3 dpa/s at 500 °C up to 0.62 dpa at the tracer layer) (200). A similar observation was 

made for anions in Fe2O3 under proton irradiation (1 MeV up to 0.1 dpa at a rate of 10-6 dpa/s) at 

450 °C (219). Cations were not studied in these experiments. Interestingly, in both studies, Fe2O3 

locally transformed into Fe3O4, and in some samples, the transformed region reached the 

isotopically labeled tracer layer (200, 219). Unfortunately, no direct comparison between Fe3O4 

irradiated at two different conditions could be made. However, it seems reasonable to assume that 

cation and anion diffusivity will increase under irradiation as well, although likely to a lesser extent 

than for hematite because the magnetite diffusivities are already quite large in comparison. 

The proton beam also excites atomic electrons and ionizes atoms in its path. In this ionized 

state, the reactivity of the oxide species is increased, which may lead to increased reaction rates at 

the metal/oxide and oxide/HLM interfaces. In oxides, the electrical conductivity can increase 

under irradiation (132), which signals a higher mobility of electrons and/or ions in the oxide. 

Therefore, charge exchange at the interfaces may be accelerated, which may lead to increased 

corrosion rates. 

In ICE III, the presence of GBs is expected to hamper the accumulation of radiation-induced 

point defects necessary to form higher-order defect structures in both the polycrystalline oxide and 

the polycrystalline base metal. Given the lower dose rates in ICE III (~2 orders of magnitude 

lower), damage accumulation is likely to take longer, which should result in an even smaller 

dislocation loop density than observed in (215). The defects traveling towards the GBs may lead 

to complex effects beyond recombination, such as GB migration (220, 221). Irradiation-induced 

cation interstitials may also use GBs as fast diffusion paths to reach the oxide/LBE interface 

quickly and accelerate the growth of the oxide while leaving vacancies behind in the base metal. 

One of the key aspects of the Fe corrosion process in LBE is the accumulation of pores at the 

oxide-Fe interface (without the presence of radiation) (80). As corrosion progresses, the migration 

of Fe outward through the oxide-LBE interface leaves behind vacancies at the interface with the 



 

84 

metal. These vacancies can then be filled by new oxide growth (“available space model”) or 

annihilated by Fe diffusion from the base metal. The defects radiation produces in the base metal 

and in the oxide and their migration should affect the corrosion-induced vacancy accumulation at 

the oxide-metal interface in some way. Radiation-induced defects may accelerate or decelerate 

corrosion-induced vacancy accumulation at the metal/oxide interface via the promotion of Fe 

diffusion through the oxide away from it or by accelerating Fe diffusion through the base metal 

and thereby promoting annihilation at the metal/oxide interface, respectively. 

Early in the corrosion process, the presence of vacancies at the metal/oxide interface is 

beneficial. The decrease of the surface area between the oxide and the base metal decreases the 

amount of Fe that can diffuse through the oxide and thereby decreases its growth rate. At the same 

time, however, increased porosity at the oxide-metal interface weakens the adherence of the oxide. 

Under irradiation, cation and anion diffusivity is likely enhanced in both the base metal and the 

oxide, as discussed previously. Therefore, it seems likely that radiation-induced defects promote 

quick growth and simultaneously early detachment of the oxide by contributing to the vacancy 

accumulation at the metal/oxide interface. This is because the cation diffusivity in the oxide should 

still be substantially faster than that in the bulk, even under irradiation. Consequently, the oxide 

experiences a process similar to its behavior without irradiation present, but faster.  If this is the 

case, more and likely thinner detached oxide layers should be found floating in the LBE away from 

the sample surface under simultaneous irradiation-corrosion conditions than under corrosion-only 

conditions. 

 

5.2.3. Beam heating effects 

An increase in temperature while the beam is on leads to accelerated diffusion kinetics in the 

sample. This implies that radiation-independent diffusion processes occur at slightly higher rates, 

but also that any radiation-induced defects migrate and annihilate or recombine slightly faster than 

they would without beam heating. On the lower end of measured ΔT values on TCA (the TC closer 

to the beam spot) a difference of ~15 °C for Exp. 3 is not expected to have a large impact on 

kinetics. For Exp. 2, however, where the measured ΔT was 50 °C behind the beam spot, it may 

have a measurable impact. 

While the increase of defect mobility due to the higher temperature in and near the beam spot 

may play a role in accelerating corrosion, it seems more likely that the primary effect of beam 

heating is related to the temperature-dependent dissolved O and Fe concentrations required for 

Fe3O4 formation and stability. This effect was already discussed in Section 5.1.2 because it appears 

to be the primary driver behind the accelerated corrosion rates observed in ICE III compared to 

those reported in the literature. The relatively low dissolved O concentration of 10-7 wt% at the 

beginning of the experiment and its decrease throughout due to the formation of oxides increase 

the sensitivity of the system to temperature fluctuations. As a consequence, beam heating locally 

destabilizes the oxide and promotes its dissolution compared to other areas of Sample A further 

away from the beam spot and the much colder Sample B on the other side of the chamber.  

Another, presumably minor, effect is due to the injection of H into the LBE by the proton 

beam. H2 gas could scavenge dissolved O from the LBE and thereby lower the O concentration 

even faster than the corrosion process alone. However, any contributions to a decreasing O 

concentration are expected to be negligible given the relatively linear thickness loss Samples 2A 

and 3A experience (see Figure 35). If this was a strong effect, Sample 3A should be affected 

disproportionately since a substantially larger amount of H was injected over the course of a longer 

experiment (42 vs. 22 hours). Rather, it appears that the thickness loss of the sample is primarily 
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linked to more O being bound in the form of Fe3O4, as discussed previously, which in turn appears 

to be linked to temperature fluctuations. 

Such a link between ΔT values and acceleration of corrosion would also explain the similar 

thicknesses of Samples 2A and 3A, even though Sample 3A experienced almost twice the dose of 

Sample 2A. It appears therefore, that the observed irradiation-corrosion behavior in ICE III is 

largely due to beam heating, while irradiation-induced non-equilibrium defects play a smaller role. 

This shows that beam heating is not necessarily a negligible effect and that it should not be 

dismissed out of hand as a factor in the interpretation of irradiation-corrosion experiments as is 

sometimes done in the current literature.  

 

5.3. Concluding remarks on the different ICE III experiments 

The members of the family of ICE III setups presented in this work have a number of 

advantages and disadvantages compared to one another. The “regular” ICE III chamber is 

supposed to be the standard irradiation-corrosion chamber and is meant for the study of bulk 

materials in the form of relatively thin (up to 50 µm) circular (2 cm diameter) samples. The purpose 

of the molten salt chamber is to allow for irradiation-corrosion experiments with smaller volumes 

of rare corrosive media. Finally, Tiny-ICE was designed to accommodate thin-films in an 

irradiation-corrosion setup and to increase the quantity of samples that can be produced. 

5.3.1. Limitations 

The regular ICE III chamber and the molten salt chamber are limited in terms of ions that can 

be selected (protons, possibly high-energy He) due to the sample thickness required to maintain a 

seal between the corrosive medium and the beamline vacuum. Both also suffer from the fact that 

the chambers themselves are made of steel flanges, while the samples are likely a different material, 

which is not ideal for a corrosion experiment, where similar materials in contact with the corrosive 

medium are desirable. In some cases, replacing the chamber materials to match the samples may 

be an option, but in most cases, it will be impossible or prohibitively expensive. 

Tiny-ICE, on the other hand, has more flexibility when it comes to sample holder materials, 

since the entire “chamber” is in vacuum and mounted on a heater stage. Given a sufficiently thin 

thin-film, high energy heavy ions may even be used instead of light ions. Unlike the larger ICE 

chambers, Tiny-ICE is intended to be exposed to a rastered beam. While rastering removes 

temperature effects, which appear to greatly affect the corrosion behavior under irradiation in the 

experiments with pure Fe in LBE presented in this work, it leads to lower dose rates and slightly 

different radiation-induced defect creation in the sample compared to a defocused beam. 

Finally, none of the setups can reproduce potential effects from TP or FP creation by neutrons, 

which is an inherent limitation of the use of proton irradiation to emulate neutron damage. In 

addition, the experimental duration is limited by the sample thickness and the ability of a static 

corrosion chamber to maintain the corrosion process of interest, e.g., by providing sufficient 

dissolved O in LBE or by preventing the saturation of molten salts with corrosion products. 

 

5.3.2. Importance of in situ monitoring techniques 

The semi-quantitative monitoring of corrosion made possible by PIXE is a very helpful tool 

for the analysis of corrosion processes under irradiation. Without PIXE, practically no information 

about Sample 1A could have been recovered. Another example is the discovery of the interruption 



 

86 

of accelerated corrosion in the absence of the beam observed in Exp. 2. Without PIXE, this 

observation would not have been possible. Furthermore, the observation that the corrosion of 

Sample 2A proceeds much faster than that of Sample 3A despite similar dpa rates would likely 

have been interpreted differently in the absence of PIXE data. The final thickness of the samples 

in the beam spot shows that there must have been a difference between the corrosion conditions of 

the two experiments. Without additional information, the main explanation for this probably would 

have been a lower/higher initial thickness of Sample 2A/3A. Figure 35 shows, however, that the 

average initial thickness of both samples is the same. Therefore, the difference in corrosion rate 

under irradiation must either be due to differences between the samples other than the thickness, 

e.g., surface roughness or degree of cold work, or differences between the corrosive environments, 

e.g., the dissolved O content or local temperature differences. Since the samples came from the 

same batch of pure Fe sheets, the former seems unlikely. As discussed in Section 5.1.2, the 

dissolved O content of the LBE is not well-controlled, but the chamber filling temperature is the 

same for all experiments and all chambers have an air-filled plenum and a Bi2O3 pellet as a 

potential O source. The most obvious difference between the two experiments is the temperature 

difference observed by the TCs inside the ICE chamber, as discussed in Section 4.4.5.1. 

The TCs played a vital role in obtaining this information. A single TC is already valuable to 

gain some insight into beam-induced temperature differences when the beam is on or off. The 

addition of the second TC facing away from the beam allowed conclusions about the temperature 

distribution across the corrosion chamber and the differences in conditions between Sample A 

(irradiation-corrosion sample) and Sample B (corrosion-only sample) to be drawn. Without the 

TCs, one of the primary arguments presented in the discussion of the experimental results, namely 

that beam heating plays a significant role in accelerating corrosion in the presence of the proton 

beam, could not have been drawn. 

This underscores the value of having one or several in situ monitoring techniques to unravel 

the multitude of complex processes occurring in simultaneous irradiation-corrosion environments. 

With the complexity added by studying binary or ternary alloys, the value of these tools will 

increase even further. Therefore, the addition of these or similar techniques, such as PIGE, RBS, 

or electrochemical techniques should be considered for any irradiation-corrosion experiment. 

 

5.3.3. Relevance of pure Fe studies to structural materials 

In HLM systems, the corrosion rate of pure Fe is important to understand because it tends to 

correlate well with corrosion rates of F/M steels, as mentioned in Section 3.2.1.2. T91 (9 wt% Cr), 

for example, shows similar dissolution rates in O-poor flowing LBE ((79)) as well as similar oxide 

growth rates in O-rich flowing LBE ((77, 78)) at 450 °C compared to pure Fe. The primary 

difference is that the magnetite/FeCr spinel oxide on T91 is rarely found to be detached from the 

substrate and that LBE is less often found at the oxide-metal interface. The measured thicknesses 

indicate, however, that the inner FeCr spinel does not provide improved oxidation resistance, at 

least for the duration of the experiment (up to 8000 hours). The question is whether the relationship 

between Fe and T91 corrosion remains the same under irradiation, and if not, which other model 

alloy may be more representative of the behavior of F/M steels under simultaneous irradiation and 

LBE corrosion. It would also be interesting to determine whether the behavior or protectiveness 

of the oxides changes under irradiation. Unlike F/M steels, austenitic stainless steels, such as 316L, 

appear to have substantially lower dissolution rates than pure Fe, contrary to the expected 

accelerated corrosion of high-Ni containing alloys (79). This indicates that, even in the absence of 
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irradiation, pure Fe is not a suitable model system for studying austenitic stainless steels and that 

a different model alloy has to be found. 

In alloys, corrosion processes are necessarily more complex than in pure metals due to 

competition of species in the solid. Radiation further increases this complexity by introducing 

effects, such as RED and RIS, which rely on the presence of at least two different species. These 

processes are generally thought to exacerbate by corrosion by locally changing the alloy 

composition, as discussed in Section 3.3.2. In some cases, however, radiation-decelerated 

corrosion of alloys has been reported, as mentioned in Section 3.5.1.7. One of these studies 

reported the deceleration of Ni-20Cr corrosion in FLiNaK at 650 °C due to simultaneous 3 MeV 

proton irradiation up to 0.028 peak dpa (142). However, a similar irradiation-corrosion experiment 

with pure Fe showed that corrosion was accelerated in the beam spot (142). The authors explain 

this observation with a model reliant on preferential dissolution of Cr over Ni in the case of Ni-

20Cr, where the production of Frenkel pairs by irradiation modifies bulk diffusion rates and 

promotes self-healing. In a pure metal, however, preferential dissolution cannot occur, and 

therefore, corrosion is thought to be accelerated by radiation-induced effects in the molten salt 

(142). It would be interesting to determine if irradiation of a binary or ternary alloy corroded by 

LBE also shows radiation-decelerated corrosion, what the underlying mechanism may be, and if 

it is also active in real structural materials. 
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6. Conclusions and future work 

6.1. Summary of experimental results 

Section 4.2 presented an extensive description of the design choices made for ICE III and 

described experimental challenges and lessons learned to inform the design of similar future 

experiments. The result is a relatively simple setup that can be used for the accelerated testing of 

materials under simultaneous irradiation and corrosion. The addition of PIXE as an in-situ 

corrosion monitoring technique gives detailed qualitative insight into the corrosion process of pure 

Fe in LBE under proton irradiation with unprecedented time resolution (as little as 5 s of 

acquisition time per data point). With the help of a standard, the PIXE signal can be used to monitor 

the sample’s thickness change continuously over tens of hours of experiment time. According to 

SEM results presented in Section 4.4.4, the PIXE estimate of the sample thickness at the end of 

the experiment is ~7 μm larger than the average thickness observed in the beam spot. The thickness 

overestimate can also be observed at the beginning of the experiment and is likely caused by 

systematic differences between the standard and ICE III, e.g., due to differences in beam current 

and beam spot size. Once the exact cause is determined, an appropriate correction should improve 

the accuracy of the semiquantitative PIXE estimates. Nonetheless, time-resolved PIXE clearly is 

a powerful tool for corrosion monitoring under irradiation already. 

The evaluation of HT-9 irradiated with 5.5 MeV protons and simultaneously corroded by LBE 

in ICE II was presented in Section 4.1. The results showed that there is a measurable increase in 

oxide thickness (from 2-10 μm to up to 35 μm) in a ~4 mm wide section of the cross section. 

However, the sample’s thickness in the center of this region is too large to be fully penetrated by 

5.5. MeV protons. Therefore, this oxide thickness increase cannot be caused by irradiation damage 

in the oxide. The results are somewhat ambiguous as to whether beam heating alone or the 

migration of radiation-induced defects are the cause. 

Section 4.4 presented results from three runs of ICE III with pure Fe and LBE. The first 

experiment already showed that corrosion was greatly accelerated during irradiation, because the 

sample failed after ~60 hours even though previous corrosion-only experiments under nominally 

identical conditions were still intact after more than 200 hours of corrosion. The intent of this series 

of experiments was to cover a large range of experimental durations and sample exposures to 

determine a relationship between the dpa and the associated acceleration of corrosion. However, 

the results from Exp. 2 and Exp. 3 show that this relationship is not necessarily linear and other 

factors, such as beam heating, are at play. The thicknesses predicted by PIXE are within a few μm 

of one another, even though Sample 3A was exposed to almost twice the dpa and corrosion 

duration. The temperature differences across the chamber indicate that there is a non-negligible 

contribution of beam heating to the acceleration of corrosion here. This conclusion can only be 

drawn because there is direct experimental evidence thanks to two TCs mounted directly in the 

corrosion chamber. 

The results of ICE II were somewhat ambiguous but showed that direct irradiation damage in 

the oxide is not the main cause of accelerated corrosion of HT-9 in LBE. Exp. 2 showed that 

equilibrium defects play a small role in accelerating corrosion if any at all. Corrosion effectively 

stopped when the beam was off, which proves the second hypothesis posed in this work, namely 

that the acceleration of corrosion is greater under simultaneous irradiation-corrosion conditions 

than when irradiation and corrosion are decoupled. Of course, the behavior observed in Exp. 2 

could also be explained if all acceleration of corrosion is exclusively due to beam heating. However, 

the fact that both TCA and TCB in Exp. 2 and Exp. 3 respond to the presence of the beam despite 
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the distance between them shows that there is very efficient heat transfer inside the ICE III chamber. 

This implies that the entire surface of Sample A should be substantially hotter than Sample B in 

both experiments, which should lead result in Sample A being consistently thinner than Sample B. 

However, thicknesses measured on Sample 3A indicate a much smaller beam-spot-affected zone, 

which shows that beam heating alone cannot be responsible. This supports the first hypothesis, 

namely that radiation accelerates the corrosion of pure Fe in LBE. Preliminary results in the 

dissolution corrosion regime obtained with Tiny-ICE, where no beam heating was measured, also 

point in this direction. Therefore, a combination of beam heating and radiation-induced non-

equilibrium defects is responsible for the acceleration of pure Fe corrosion in LBE, specifically 

1) The increase of the vacancy concentration in the base metal and the oxide due to radiation 

damage and beam heating; 

2) The increase of the interstitial concentration in the base metal and the oxide due to 

radiation damage; 

3) The increase of electron and/or ion mobility and the increase of the reactivity of species 

in the oxide due to ionization by radiation damage; 

4) The increase of temperature-dependent diffusion kinetics of point defects as well as 

species in the base metal, the oxide, and the LBE; 

5) The increase in dissolved Fe transport away from the surface of the irradiated sample due 

to the establishment of a temperature gradient due to beam heating; 

6) The decrease of oxide stability due to beam heating under globally decreasing dissolved 

O concentrations. 

The exact contributions of these factors, however, remain as topics of investigation for future 

experiments. 

 

6.2. Future work 

The goal of ICE III is to provide a platform for the accelerated study of materials under 

simultaneous irradiation-corrosion conditions. The designs in the ICE III family presented in this 

work are very flexible and can be used for a variety of irradiation-corrosion studies in different 

liquid corrosive media. The results presented here have shown that it can provide interesting 

information about the behavior of samples in such environments within hours rather than years in 

a reactor. For LBE, studies of pure Fe as a model material are valuable, but only the beginning. In 

order to understand the behavior of complex alloys in irradiation-corrosion environments, more 

complex binary and ternary alloys need to be investigated. 

For pure Fe, it would be useful to continue experimental work to understand what the relative 

contributions of radiation-induced and thermally induced defects in the base metal and the oxide 

are to determine the effects of beam heating on irradiation-corrosion processes. Beam heating can 

be removed as a factor by using smaller beam currents or rastered beam scans, as in Tiny-ICE. In 

regular ICE, this could lead to a series of experiments with varying small currents to determine the 

effect of current density on Fe corrosion. PIXE can be used to monitor the behavior of the sample 

under irradiation and ideally to determine corrosion kinetics as a function of beam current or 

temperature gradients in the chamber. The apparent interruption of corrosion during the absence 

of the beam could be studied in more detail to determine time constants for the different corrosion 

steps and elucidate underlying mechanisms. Experiments with lower beam energies where 

radiation damage is exclusively induced in the metal could lead to a better understanding of 
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radiation-induced defect mobility and the effects defects in the base metal have on oxide layer 

formation. 

Several additions to the current setup could be made in the future to improve its utility. The 

addition of RBS would be valuable, especially for coolants that do not produce x-rays suitable for 

PIXE. In the case of molten-salt ICE, in situ electrochemical methods, e.g., electrical impedance 

spectroscopy, may yield new insights into corrosion product behavior in the corrosive medium 

under irradiation. 

Clearly, there is a substantial amount of fundamental science to be discovered with a tool like 

ICE. Modern detectors and data acquisition systems enable the capture of a tremendous amount of 

detail about the state of a dynamic irradiation-corrosion system with very high time resolution. 

The hope is that the results presented here motivate the incorporation of in-situ monitoring 

techniques in other irradiation-corrosion setups as well. While the work presented here only hints 

at some of the questions that could be answered in the field of basic irradiation-corrosion research, 

the further development of experiments such as this will hopefully continue to accelerate materials 

discovery for advanced nuclear reactors and other radiation-corrosion environments. 
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8. Appendix 

8.1. Pb saturation concentrations in air with LBE temperature 

The saturation vapor pressure of pure Pb, pure Bi, and LBE are relatively well understood 

(see equations 2.16, 2.17, and 2.18 in (21)). Figure 46 shows the saturation vapor pressure for the 

three metals. The concentration of Pb in the air above liquid LBE can be estimated either by 

calculating the fraction of Pb present in the LBE in the gas phase or by calculating the partial 

pressure of Pb in LBE, 𝑝𝑃𝑏, with Raoult’s law: 

 

𝑝𝑃𝑏 = 𝜒𝑃𝑏 𝑝𝑃𝑏
0  , 

 

where 𝜒𝑃𝑏 is the mole fraction of Pb in LBE (0.45) and 𝑝𝑃𝑏
0   is the vapor pressure of pure Pb. The 

sum of the partial pressure of Pb and Bi should be equal to the vapor pressure of LBE if it can be 

considered an ideal mixture. Figure 46 shows that applying Raoult’s law leads to a small 

overestimate of the LBE vapor pressure, which reflects the high vapor pressure of Bi. 

 

 
Figure 46 – Semi log plot of the saturation vapor pressure of pure Pb, Bi, and LBE with temperature based on equations in (21). 

The vapor pressure of LBE more closely follows that of pure Pb than pure Bi. 

 

The Pb concentration, 𝑐𝑃𝑏,𝑎𝑖𝑟, in µg/m3 can be obtained with the help of the ideal gas law 

(𝑝𝑉 = 𝑛𝑅𝑇), where 𝑉 is the gas volume in m3, 𝑛 is the number of atoms in mol, 𝑅 is the gas 

constant (8.314 m3 Pa/(K mol)), and 𝑇 is the temperature in K: 

 

𝑐𝑃𝑏,𝑎𝑖𝑟 = 𝑤𝑃𝑏,𝐿𝐵𝐸 𝑀𝐿𝐵𝐸  
𝑝𝐿𝐵𝐸

𝑅𝑇
 . 

 

𝑤𝑃𝑏,𝐿𝐵𝐸 is the mass fraction of Pb in LBE (0.445) and 𝑀𝐿𝐵𝐸  is the molar mass of LBE (208 

g/mol). The concentration of Pb can also be obtained from the partial pressure of Pb based on 

Raoult’s law in an analogous manner (with a molar mass of Pb of 207.2 g/mol). Both estimates 
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and the OSHA (Occupational Safety and Health Administration) action limit (AL, 30 μg/m3, see 

(222)) and permissible exposure limit (PEL, 50 μg/m3) for Pb in air are shown in Figure 47. Since 

these limits are time weight averages, a worker would have to breathe in air saturated with vapor 

from LBE at 500 °C for 8 hours to exceed the AL. 

 

 
Figure 47 – Semi log plot of calculated Pb concentrations in air with LBE temperature. For comparison, the OSHA AL and the 

PEL are shown. 
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8.2. Metals solubilities in Pb and Pb-Bi eutectic 

 
Table 9 – Solubilities of elements based on recommendations in Table 3.5.1 in (21). 

 Pb LBE 

Element A B T [K] Reference A B T Reference 

Fe 2.11 5225 600-

1173 

Gosse, 2014 1.85 4164 823-1053 Handbook 

based on 

Weeks, 

1969 

    2.00 4399 399-1173 Gosse, 

2014 

Cr 3.62 6648 601-

1773 

Gosse, 2014 1.12 3056 399-1173 Gosse, 

2014 

3.7 6720 1173-

1473 

Venkatraman, 

1988 

1.07 3022 643-813 Courouau, 

2004 

3.74 6750 1181-

1483 

Tecdoc, 2002, 

Alden, 1958 

-0.02 2280 673-773 Tecdoc, 

2002, 

Matrynov, 

1998 

Ni 1.36 1395 598-917 Gosse, 2014 4.32 2933 528-742 Gosse, 

2014 

    5.2 3500 603-712 Martinelli, 

2010 

    1.7 1009 712-1173 Martinelli, 

2010 

    1.74 1006 742-1173 Gosse, 

2014 
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8.3. Compositions of relevant structural materials 

 
Table 10 – Nominal compositions of steels mentioned throughout the text (in wt%) with Fe as balance based on (45). 

Type Alloy Cr Ni C Mo Mn Si Other 

Austenitic AISI 304 18.5 9.35 0.07 0.02 1.55 0.48  

 AISI 304L 18.3 9.26 0.03 0.02 1.37 0.62  

 AISI 316 17.3 13.7 0.05 2.26 1.64 0.56  

 DIN 1.4970 (15-15Ti) 14.9 15.2 0.10 1.24 1.75 0.40 Ti = 0.48 

Ferritic EM10 8.76 0.18 0.105 1.05 0.48 0.37 N = 0.024 

 HT-9 12.0 0.47 0.020 1.03 0.50 0.41 W = 0.5 

V = 0.32 

 MANET II* 10.37 0.65 0.10 0.58 0.76 0.18 V = 0.21 

Nb = 0.16 

 T-91 (9Cr-1Mo) 8.61 0.09 0.081 0.89 0.37 0.11 Nb = 0.07 

V = 0.21 

  

 
* From (226) 
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8.4. X-ray energies of relevant elements 

 
Table 11 – X-ray energies (in keV) for elements discussed in the context of PIXE in this work from (223). 

Z Symbol Kα1 Kα2 Kβ1 Lα1 Lα2 Lβ1 Lβ2 Lγ1 Mα1 

3 Li 0.054         
4 Be 0.109         
8 O 0.525         
9 F 0.677         

11 Na 1.041 1.041 1.071       
12 Mg 1.254 1.254 1.302       
13 Al 1.487 1.486 1.557       
17 Cl 2.622 2.621 2.816       
19 K 3.314 3.311 3.590       
22 Ti 4.511 4.505 4.932 0.452 0.452 0.458    
24 Cr 5.415 5.406 5.947 0.573 0.573 0.583    
26 Fe 6.404 6.391 7.058 0.705 0.705 0.719    
28 Ni 7.478 7.461 8.265 0.852 0.852 0.869    
29 Cu 8.048 8.028 8.905 0.930 0.930 0.950    
82 Pb 74.969 72.804 84.936 10.552 10.450 12.614 12.623 14.764 2.346 

83 Bi 77.108 74.815 87.343 10.839 10.731 13.024 12.980 15.248 2.423 
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8.5. Total x-ray count dependence on Fe foil stack thickness (calibration curve) 

Figure 48 shows how little the total number of counts in each individual 5 s spectrum depends 

on the beam current. The current for the calibration curve measurements in Exp. 3 shown here is 

almost constant at ~1 μA, while the sum of all counts drops drastically as the Fe foil stack gets 

thicker. This change is primarily due to the differences in attenuation for Fe and Pb/Bi x-rays. 

This also indicates that it is not straightforward to use the number of counts as a proxy for the 

proton fluence and thereby the dpa delivered to the sample. This approach is useful for samples 

that do not change during an irradiation, and it is more accurate than intermittent current 

measurements with the Faraday cup but is much more difficult to apply for a sample whose 

composition changes dramatically over time, as is the case with ICE III samples. 

 

 

Figure 48 – Sum of all counts (blue circles) in individual spectra for the calibration curve in Exp. 3. Black arrows mark a visible 

slight increase in total counts due to a large increase in proton current (green squares). 
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8.6. Detector settings 

 
Table 12 – All SDD settings (in order of appearance in .mca file) for various experiments described in this work. 

Setting Exp. 1 Exp. 2, 3 Salt tablet 

Clock [MHz] 20 80 80 

Peaking time [µs] 4 0.800 0.400 

Fine gain 0.9305 1.02 – 1.03 0.9608 

Total gain 33.000 14.9 – 15.0 13.999 

Reset lockout [µs] 819 102 102 

Flat top width [µs] 0.200 

Fast channel peaking time [ns] 400 800 400 

Pile-up rejection On 

RTD Off 

MCA source Norm 

MCA channels 1024 2048 2048 

Spectrum offset Off 

Analog input Positive 

Input offset Default 

Analog gain index 17 13 13 

Non-trapezoidal shaping 0 

Peak detect mode Norm 

Slow threshold [%] 1.562 2.502 8.996 

LLD threshold Off 

Fast threshold [channels] 31.62 27.00 15.00 

DAC output Shaped 

DAC offset 50 

RTD sensitivity 0 

RTD threshold 0.00 

BLR mode 1 

BLR down correction 3 

BLR up correction 0 

AUX_OUT selection SCA8 

Preset time [s] Off 5.0 Off 

Preset real time Off 

Preset counts Off 

Preset counts low threshold 1 

Preset counts high threshold 8191 1023 8191 

High voltage [V] -135 

Temperature [K] 255 265 280 

Pole-zero Off Off Off 

Preamp voltage [V] 5 

Scope trigger edge FA 

Scope trigger position 12 

Digital scope gain 1 

MCS low threshold 1 

MCS high threshold 8191 
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MCS timebase 0.01 

AUX output selection ICR 

Test pulser Off 

GP counter edge RI 

GP counter input AUX1 

GP counter uses MCA_EN On 

GP counter uses GATE On 

GP counter cleared with MCA counters On 

MCA/MCS enable On Off On 

Speaker Off 

Connector 1 DAC 

Connector 2 AUXIN2 
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8.7. Count rate calculations for x-ray detector setup 

8.7.1. X-ray source estimate: 4 MeV, 3 µA 

An intended proton beam current of up to 3 µA measured in the end station Faraday cup 

corresponds to a proton flux 𝜙𝐻+ of 

 

𝜙𝐻+ = 3 ∗ 10
−6
𝐶

𝑠
∗

1 𝐻+

1.602 ∗ 10−19𝐶
=  1.87 ∗ 1013  𝐻+/𝑠 .  

 

The Fe K x-ray production rate 𝑌𝐾  can be estimated as follows: 

 

𝑌𝐾 = 𝜙𝐻+ ∗ 𝑁𝐹𝑒 ∗ 𝜎𝐹𝑒(𝐸) ∗ 𝜔𝐹𝑒,𝐾 , 

 
with the areal number density of Fe atoms 𝑁𝐹𝑒, the ionization cross section 𝜎𝐹𝑒, and the K-shell x-

ray yield 𝜔𝐹𝑒,𝐾. 𝑁𝐹𝑒 can be calculated as 

 

𝑁𝐹𝑒 =
𝑁𝐴𝑣 ∗ 𝜌𝐹𝑒 ∗ 𝑡𝑠𝑎𝑚𝑝𝑙𝑒

𝑀𝐹𝑒
=  4.25 ∗ 1020 𝑎𝑡𝑜𝑚𝑠/𝑐𝑚2 , 

 
where 𝑁𝐴𝑣 is the Avogadro number (6.022×1023 atoms/mol), 𝜌𝐹𝑒 is the density (7.874 g/cm3 at 

room temperature), 𝑡𝑠𝑎𝑚𝑝𝑙𝑒 is the thickness of the sample (50 µm), and 𝑀𝐹𝑒 is the atomic mass of 

Fe (55.845 g/mol). 

The proton-energy-dependent ionization cross section of Fe 𝜎𝐹𝑒 is 720.8 b for 4 MeV protons 

and the K-shell x-ray yield 𝜔𝐹𝑒,𝐾 is 0.3546 (224). With this, 𝑌𝐾  is roughly 2.03×1012 x-rays per 

second for a 3 µA current of 4 MeV protons incident on pure Fe. Note that we do not consider two 

important factors in this rough estimate: 1) the energy loss of the protons as they travel through 

the sample, which would decrease the ionization cross section for the deeper parts of the sample, 

and 2) the attenuation of x-rays from deeper areas of the sample. Both factors mean that the number 

of x-rays produced is overestimated here. 

 

8.7.2. Geometric efficiency 

The number calculated above is the number of Fe K x-rays emitted in all directions. The 

detector has a 5x5 mm2-sized area about 30 cm away from the sample surface, and therefore, the 

geometric efficiency 𝜖𝑔𝑒𝑜𝑚 is approximately 

 

0.25 𝑐𝑚2

4𝜋(30 𝑐𝑚)2
= 2.21 ∗ 10−5 . 

 

8.7.3. X-ray source estimate: 1.5 MeV, 3.3 µA 

The same calculation as in the previous section, but for 3.3 µA of 1.5 MeV protons gives a 

proton current 𝜙𝐻+ of 

 

𝜙𝐻+ = 3.3 ∗ 10
−6
𝐶

𝑠
∗

1 𝐻+

1.602 ∗ 10−19𝐶
=  2.06 ∗ 1013  𝐻+/𝑠 , 
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an areal number density 𝑁𝐹𝑒 of 

 

𝑁𝐹𝑒 =
𝑁𝐴𝑣 ∗ 𝜌𝐹𝑒 ∗ 𝑡𝑠𝑎𝑚𝑝𝑙𝑒

𝑀𝐹𝑒
=  1.02 ∗ 1020 𝑎𝑡𝑜𝑚𝑠/𝑐𝑚2 , 

 
due to the smaller proton range of 12 µm according to SRIM (170), and finally an x-ray yield 𝑌𝐾  

of 

 

𝑌𝐾 = 𝜙𝐻+ ∗ 𝑁𝐹𝑒 ∗ 𝜎𝐹𝑒(𝐸) ∗ 𝜔𝐹𝑒,𝐾 = 9.56 ∗ 10
10 𝑝ℎ𝑜𝑡𝑜𝑛𝑠/𝑠 , 

 
with a 𝜎𝐹𝑒 of 128.3 b for 1.5 MeV protons and an 𝜔𝐹𝑒,𝐾 of 0.3546 (224). 

 

8.7.4. X-ray attenuation 

The thickness of the added Al is determined by the desired reduction in current according to 

the Beer-Lambert law: 

 
𝐼

𝐼0
= exp (− (

𝜇

𝜌
) ∗ 𝜌 ∗ 𝑡) , 

 

where 𝐼 is the resulting and 𝐼0 the original current, 
𝜇

𝜌
 is the mass attenuation coefficient, 𝜌 is the 

density, and 𝑡 is the thickness of the absorber. Household Al foil is ~16 µm thick, so a stack of 15 

foils is about 244 µm thick. The mass attenuation coefficient for 6 keV photons in Al is 115.3 

cm2/g (225) and the density of Al at room temperature is 2.7 g/cm3. Therefore, 244 µm of Al would 

allow the transmission of only 5.69×10-4 of the original x-rays (𝜖𝐴𝑙). 
A similar calculation for the Be window on the detector shows that it has a very small impact 

on the x-ray attenuation. With a mass attenuation coefficient (at 6 keV) of 2.527 cm2/g, a density 

of 1.85 g/cm3 (at room temperature), and a thickness of 12 µm, it allows the transmission of 0.994 

of all incoming x-rays (𝜖𝐵𝑒). 
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8.8. Dead time dependence on count rate 

Data acquisition in the DPP is paused when data is transferred, when the preamplifier resets, 

and when the GATE input is used and is off (186). Data transfer times vary and depend on the 

number of channels are used (between 113 microseconds to 2.5 ms for FPGA (field-programmable 

gate array) to microcontroller and between 2 to 20 ms for DPP to computer). The duration of the 

preamplifier reset is determined by the reset lockout parameter in the DPPMCA software.  

Therefore, the only variable during a long-term irradiation is the frequency of preamplifier resets, 

which depends on the number of input counts. This relationship is reflected in the relation between 

dead time and output counts (counts in spectrum), which is shown in Figure 49. The dead time is 

also directly dependent on proton beam current, as long as nothing changes in the detector (e.g., 

detector temperature) and the current does not increase so drastically that pile up becomes an issue. 

 

 

Figure 49 – Dead time vs. total number of counts in spectrum for Exp. 2. The dead time increases linearly with the output counts 
recorded in valid spectra (blue circles), i.e., those containing at least 60,000 counts, with few exceptions where no dead time was 

computed by the software (green squares) or where the total counts in the spectrum are unusually high (yellow triangles). 

 

   

   

   

   

 

   

   

   

   

                                              

 
  
 
  
 
  
  
 

                                 

               

               

               

                        




